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ABSTRACT 
In the automotive industry, zinc-coated steel is widely used because of its high corrosion resistance. 
Many automotive industry companies have tried to employ laser welding because of its many benefits, 
such as low heat input, high-intensity heat source, minimal distortion in heat affected zones, and high 
productivity. In lap joint laser welding of zinc-coated steel sheets, a proper gap needs to be maintained 
to avoid weld defects in weldment because the zinc vaporization temperature (1180 K) is lower than 
the steel melting temperature (1809 K). However, in this case, additional processes are required for 
application to actual industrial production lines, and it is difficult to precisely control the gap. 
Furthermore, although many researchers have investigated ways to mitigate the influence of high zinc 
vaporization pressure, it remains an issue because of erratic and unstable keyhole motion and melt pool 
behavior.  
Therefore, the purpose of this dissertation is to investigate the keyhole behavior and weldability 
of zero-gap laser welding of zinc-coated and uncoated steel sheets at atmospheric and subatmospheric 
pressures according to process parameters to develop the gap insensitive lap joint laser welding of zinc-
coated steel.  
In this dissertation, firstly, a scaling law for predicting penetration depth was proposed, because 
the determination of penetration depth is the first consideration before the welding process. Moreover, 
then precisely observation method and analysis method were developed to observe clearly keyhole 
behavior, and effect of relative configuration of the laser beam and keyhole geometry on weldability 
for zero-gap lap laser welding of zinc-coated steel sheets. Also, the influence of ambient pressure on 
keyhole behavior and weldability were investigated to find solutions and possibilities for obtaining good 
welds for zero-gap lap laser welding of zinc-coated steel sheets by adjusting processing parameters (i.e. 
laser intensity and welding speed and ambient pressures).These studies can be summarized as follows. 
Firstly, a scaling law for predicting penetration depth was proposed that can be applied to both 
conduction mode and keyhole mode laser welding. The proposed scaling law was formulated based on 
a simple one-dimensional heat conduction model, and the effect of multiple reflections was accounted 
for. Because the scaling law was obtained from a laser heating problem, its physical meaning and why 
it needs to be formulated that way can be clearly explained. Experiments were conducted, and the 
obtained results were found to be in good agreement with the proposed scaling law. 
Secondly, in order to observe the keyhole behavior and reconstruct the keyhole geometry, a coaxial 
observation method was developed using a high-speed camera. A coaxial observation is a more useful 
and precise method to observe keyhole behavior than other lateral observation methods, and it was 
possible to study how the keyhole shape changes as the process parameters are varied. This chapter 
investigated the overall differences in the keyhole geometry between the zinc-coated and uncoated 
steels over a large process parameter space. 
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Thirdly, using the obtained keyhole geometry data, the effect of keyhole geometry and dynamics 
on weldability was investigated by defining several key factors. It was found that the relative 
configuration of the keyhole and the laser beam is the most influential factor for obtaining good welds. 
For the zinc-coated steel, good welds were obtained at low welding speeds even zero-gap lap joint laser 
welding of zinc-coated steel sheets. 
Finally, based on the observation and analysis method from previous chapters, we investigated the 
laser welding of zinc-coated steel at subatmospheric pressures in order to compare between laser 
welding at atmospheric pressure and subatmospheric pressure. The purpose of this work is because the 
pressures inside the keyhole play a major role in weldability during zero-gap lap joint laser welding of 
the zinc-coated steel sheets. In this chapter, the main focus was to reconstruct time-averaged 3-D 
keyhole shapes and studying the influence of ambient pressures on keyhole behavior and weldability. 
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I. INTRODUCTION 
1.1. Motivation 
Recently, material processing using high-power and high-quality laser has been used in various 
fields of many industries, and its application is expanding. This trend is thought to be continued because 
of the development of new lasers and a decrease in prices. In particular, the laser is broadly used in 
manufacturing high-technology products; for example, it is known that Apple Inc. uses laser processing 
technology to manufacture its iPhone and MacBook. In addition, lasers are used in the production 
process by some auto manufacturers in Germany and Japan, and the Gillette company uses lasers to 
join razor blades. These examples show that cutting-edge technology is needed to produce high-value 
and high-quality products and for innovating the manufacturing process. Laser welding technology for 
producing parts of an automobile has been considered. Recently, a remote-controlled laser welding 
system based on a CO2 laser and scanner system was developed, and is considered a new technology 
for producing of automobile parts. Because it is possible to weld at high speed and it has a dynamic 
beam movement, a remote-controlled laser welding system based on a laser- and mirror-based scanner 
system can be applied to various processes, and it still has advantages of laser material processing. This 
remote-controlled laser welding system can be successfully applied to manufacturing processes that 
need repetitive tasks; productivity can be largely improved and its cost will be decreased. Some 
materials that are difficult to work with existing welding technology also can be treated with a laser 
welding system. For a more efficient laser welding system, the laser should have a long focal length to 
cover a long range with small movements of optical components. To create a long focal length, beam 
product parameter (BPP) should be small; fiber lasers, CO2 lasers and disc lasers have small BPP. 
Among these lasers, the fiber laser has good beam quality, high wall plug efficiency, and low upkeep 
costs. Thus, the fiber laser is seen as a suitable laser to realize a remote-controlled laser welding system. 
The largest obstacle to applying a remote-controlled laser welding system to actual manufacturing is a 
fall-off in welding quality caused by gap control between materials. On large-scale welding of parts, 
such as components of an automobile, a proper gap between materials should be maintained for good 
welding quality. However, in a remote-controlled laser welding system, gap control is difficult because 
the system is contactless. For galvanized steel plates that are widely used in automobile bodies, zinc is 
vaporized earlier than its base metal with strong vapor pressure, so controlling a proper gap is necessary. 
Because nonferrous metals have quite different mechanical properties from iron, lap joint welding of 
nonferrous metals such as aluminum and magnesium needs new gap control techniques and new 
welding conditions. Studies on gap control in remote-controlled laser welding have been carried out by 
other researchers, but most of them suggested fragmentary solutions or results that are difficult to apply 
to actual processing. Therefore, in this study, zero-gap laser welding of zinc-coated steel sheets at 
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atmospheric and subatmospheric pressures was conducted to study zinc coating effect and to study 
ambient pressure effect and to find processing parameters which obtain good weld soundness even 
without the gap between specimens. Also, the observation and analysis method were developed to 
understand the physical phenomenon during zero-gap laser welding process of zinc-coated and 
uncoated steel sheets.  
1.2. Research objectives 
In this dissertation, a basic research objective is to study the development of a laser welding 
process that is insensitive to the gap effect between faying surface in a zero-gap lap joint laser welding 
of zinc-coated steel. Thus, researches in this dissertation were carried out as follows.   
Beginning of this dissertation, prediction of penetration depth of DP590 steel sheets was conducted 
to determination of processing parameters for full penetrated conditions during experiments of this 
dissertation. Moreover, it is the first thing that needs to be determined in most welding processing.   
Secondly, a coaxial keyhole observation method was developed to study effect keyhole geometry 
on weldability during laser welding of zinc-coated steel sheets by reconstructed keyhole geometry, 
because in laser keyhole welding, the keyhole is the place where the interaction between the laser beam 
and substrate takes place, and because of unstable and erratic keyhole motions, the interaction is also 
highly unstable even for a stable welding process. Therefore, prediction of the keyhole geometry is 
critical to the understanding of a laser keyhole welding process. Note that the coaxial observation 
method is more accurate than other observation methods (lateral view observation method and ignored 
bottom surface). So, in this chapter, the specimen top and bottom surfaces were observed both coaxially 
during laser welding of zinc-coated and uncoated steels, and keyholes were reconstructed by connecting 
the top and bottom keyhole shapes. 
Thirdly, using developed a coaxial observation and analysis methods from previous chapter, how 
the keyhole dynamically responds to an incident laser beam was studied by defining several key factors, 
such as keyhole expansion factor, keyhole motion range factor, average aperture diameters, mass loss 
fraction and melt pool volume size. A systematic study was performed to investigate the effect of 
keyhole geometry and dynamics on weldability in zero-gap laser welding of zinc-coated steel. 
Finally, based on the observation and analysis method from previous chapters, the influence of 
ambient pressures on keyhole behavior and weldability were investigated to find solutions and 
possibilities for obtaining good welds for zero-gap lap laser welding of zinc-coated steel sheets by 
adjusting processing parameters (i.e. laser intensity and welding speed and ambient pressures). In other 
words, because the pressures inside the keyhole play a major role in sustain of 3-D keyhole geometry 
during lap joint laser welding of the zinc-coated steel sheets, we tried to change the keyhole geometry 
for obtaining good welds by changing the pressures inside the keyhole. Also, this study was first 
attempted, so it was also important to study how keyhole behavior and weldability were changed. 
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1.3. Background 
1.3.1. High-strength galvanized steel 
Recently, the automotive industry has widely been using high-strength galvanized steel in car body 
structures for fuel economy improvement, emission control, durability and safety. Vehicle weight 
reduction has been developed for a long time by reducing sheet thickness and increasing the sheet 
strength. From a 1.5 mm to 1 mm thickness reduction, the vehicle weight decreases 15-30%. Therefore, 
plain carbon steel or mild steel is being replaced with advanced high strength steels (AHSS) such as 
dual phase (DP) steel series, transformation induced plasticity (TRIP) steel series, twinning induced 
plasticity (TWIP) steel series. Also research on the ultra-lightweight materials (aluminum alloy, 
magnesium alloy, and composite materials) is in congress [1]. However, laser welding of aluminum 
alloy has problems such as highly reflective material, porosity due to keyhole collapse [2-4], control of 
alloying element loss by vaporization, and solidification cracking in laser welding [5], which is closely 
related to the chemical composition and micro structure of the alloys. Because of these issues, laser 
welding of aluminum is difficult to apply in industrial fields. Laser welding of magnesium alloy is also 
difficult because of low absorptivity [6], typical physical properties (high thermal expansion coefficient, 
low melting temperature, boiling temperature and low viscosity) [7], easier oxidation [8], high hydrogen 
solubility in liquid phase [9] and a strong tendency of drop-through for the melt pool [10]. Nonetheless, 
wrought magnesium alloys were welded with good, crack-free surface quality using proper laser 
processing conditions [11]. Application of magnesium alloy, however, is still difficult because of its 
high cost and low joining efficiency. Therefore, to date, advanced high-strength steels (AHSS) are 
widely used in the automotive industry. The major advantages of using steel in a car body are its high 
modulus of elasticity, low cost, and the wide variety of strengths available ranging from 200 MPa to 
1500 MPa [12]. DP steels were investigated to understand and optimize the two-phase structures by 
modifying chemical and thermal interactions [13, 14]. A variation of the DP steels is available 
containing bainitic dispersion instead of martensitic dispersion in a ferrite matrix. TRIP steels contain 
at least 5% by volume of retained austenite in addition to martensitic and bainitic dispersions in a soft 
ferrite matrix, which provides excellent formability. Moreover, both DP and TRIP steel have much 
lower ductility and formability than mild steel or high strength steels (isotropic, bake hardening, carbon-
manganese, and high-strength low-alloy). Therefore, the automotive industry has recently used both 
sheets of steel in the car body. 
Additionally, these steels are galvanized to improve the corrosion resistance of the motor vehicle 
body surface by using a galvanizing method. Galvanizing methods include hot-dip galvanization, 
electroplating and galvannealing methods [15, 16]. The galvannealing method is widely used in the 
automotive industry, because hot-dip galvanization may decrease the high strength of the high-strength 
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steels (>1100 MPa) because of hydrogen embrittlement [17]. In addition to the development of the fiber 
laser, high-speed remote laser welding can be applied to the industry [18].  
1.3.2. Studies of mitigation methods for highly pressurized zinc vapor on interface 
However, in the contactless laser welding process, the control of the gap between overlapped 
specimens is difficult. Thus, insensitive gap lap joint laser welding is needed. However, to date, it is 
still a problem for laser welding of galvanized steels in a zero-gap lap joint configuration, because the 
zinc boiling temperature (1180 K) is lower than the steel melting temperature (1809 K), the zinc coating 
on the faying surfaces of overlapped specimens will vaporize. Thus, highly pressurized zinc vapor 
expels the liquid metal through a melt pool. This result, in defects such as humping, undercuts on the 
surface, and collapsed pores in weld- seams during laser welding. These defects decease the mechanical 
properties of the welded specimen [19]. Therefore, control of zinc vapor on the faying surface of 
overlapped specimens is critical to conduct proper laser welding. Thus, over the past decades, many 
researchers have proposed solutions for zinc vapor during lap joint laser welding. 
1.3.2.1. Mixed shielding gas effects on suppressed zinc vapor 
The formation of induced zinc plasma or zinc vapor is suppressed by using mixtures of various 
shielding gases [20-24]. Chung et al. experimented with the effect of shielding gas types on CO2 laser 
tailored blank weldability of low carbon automotive galvanized steel [22]. Their results showed that 
helium and 50% argon + 50% nitrogen were the best shielding gases and argon was the worst shielding 
gas for penetration and formability during high- power CO2 laser welding. They used the Erichsen test 
for the formability test methods. 
1.3.2.2. Formation of a gap between faying surfaces of overlapped specimens 
Mazumder et al. invented the alloy based laser welding method to mitigate the melting or boiling 
temperature of the protective metal layer on the faying surfaces of a lap joint. Their method includes 
inserting a metal alloying agent between the faying surfaces to form a gap there [25]. Li et al. inserted 
a small amount of aluminum in the faying surface region during lap joint laser welding of galvanized 
steel [26]. Thus, zinc vapor pressure was reduced because the zinc interacted chemically with the 
inserted aluminum before the steel melted. Therefore, keyhole behavior was more stable than before. 
Gu and Shulkin used the humping effect of laser welding to form dimples as a gap between the faying 
surfaces during lap joint laser welding of galvanized steel [27]. Thus, zinc vapor was vented out through 
the gap between faying surfaces during the laser welding process. Mei et al. used different inter-sheet 
gap sizes and range control to experiment with laser welding of different galvanized sheet combinations 
[28]. Their results showed that within the gap thickness range, when the gap between faying surface is 
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small, defects such as blowholes and spatters tend to occur. When the gap between overlapped 
specimens is large, incomplete fusion of the upper and lower sheets may be created. 
1.3.2.3. Pretreatment of specimens 
Chen et al. used pulsed a Nd:YAG laser to form vent holes along the weld line before conducting 
the CO2 laser welding of a lap-joint configuration [29]. A pre-drilled vent hole on the bottom specimen 
allowed venting of highly pressurized zinc vapor and the formation of much stronger welds through a 
riveting mechanism. These helps to mitigate the zinc vapor problem; however, their methods cause to 
increased production cost (more facilities and additional processs). Loredo et al. conducted numerical 
simulations to develop a lap welding process for zinc-coated sheets with two spots [30]. Removal of 
the zinc layer was conducted at one spot, at a welding process was conducted at the other spot. They 
selected an optimized beam spot size and maximum welding speed with their laser source for zinc layer 
ablation before the welding process by numerical simulation, and then conducted experimental tests for 
verification. Their results showed that only the predicted optimal parameters allow correct welding. In 
similar objectives, splitting the laser beam into two laser beams was also used by other researchers [31]. 
Kim et al. studied the relationship between the weldability and the process parameters for laser-
TIG hybrid welding of galvanized steel sheets [32]. Their results showed that laser-TIG hybrid welding 
obtained good welds without blowholes and pores in the weld seams during zero-gap lap joint welding 
of galvanized steel. Because zinc vaporization and oxidization of the interface specimen surface by the 
heat of a preceding arc before the laser beam irradiation may remove the defects of the welds. Yang 
and Kovacevic investigated gap-free lap joint laser welding of galvanized steel with laser welding and 
hybrid laser-gas tungsten arc welding (GTAW) [33]. They used GTAW as a preheating source and a 
fiber laser as the main heat source. The metal oxides produced during the GTAW preheating process 
enhanced the coupling of the laser beam to the material to sustain a stable keyhole opening. Above all 
the preheating methods enhanced energy absorption during laser welding helping to sustain a stable 
keyhole from which the zinc vapor is vented out. However, these methods need complex apparatus and 
are difficult to implement in production.  
1.3.2.4. Control of the laser processing parameters 
Fabbro et al. studied zero-gap laser welding of zinc-coated steel by using two types of beam 
intensity distribution and elongating the focal spot [34]. Their results showed that elongating the focal 
spot decreases the dynamical pressure of the Zn vapor only for a peak intensity laser beam. However, 
for a top- hat intensity profile, the elongated laser beam is not necessary for achieving good weld seams. 
In order to understand the reasons for their experimental results, they conducted simulations to account 
for the keyhole behavior. Thus, they found that for good weld seams appear, the Zn channel has to be 
positioned in front of the deviated part of the rear keyhole wall in order to drive an efficient downwards 
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Zn vapor deflection. They also noticed that a clear bottom keyhole aperture and a low level of 
fluctuations of the rear wall were necessary conditions for achieving good weld seams. Tzeng studied 
gap-free lap welding of zinc-coated steel using a pulsed CO2 laser [35] with a gated pulse, which 
involves a series of partially overlapping effects of spot welds. Thus, Zn vaporization at the interface 
of the steel sheets can be reduced by periodic laser beams in the gated pulse trains. Thus, he obtained 
visually sound welds by using optimized processing parameters (peak power, duty cycle, pulse 
repetition rate, pulse energy and travel speed). However, the visually sound welds still contained pores 
in the weld- seams. This is not easily produced with a pulsed CO2 laser. Ma et al. investigated finite-
element (FE) thermal analysis of zero-gap laser welding of galvanized steel and experimental 
verification [36]. They used an FE model for predicting the keyhole geometry and the melt pool area 
during a laser welding process. Thus, they found a correlation between the ratio of vaporized Zn area 
and the melt pool area along the faying surfaces of a lap joint and the final weld surface quality. A 
specific parameter obtained the zinc vapor escaping through the melt pool at the faying surface. Lower 
welding speed or higher laser power can mitigate or reduce the pores in the welds during zero-gap lap 
joint laser welding of galvanized steel. 
1.3.2.5. Vacuum assisted zero-gap laser welding of zinc-coated steel sheets 
Some researchers used a vacuum device to capture the zinc vapor and to improve energy 
absorption by reducing the metallic vapor and plasma plume [37, 38]. Yang et al. conducted laser 
welding of zinc-coated steel in a gap-free lap joint configuration under a vacuum- assisted condition 
[37]. Their experiments obtained high-quality, gap-free lap joints in zinc-coated steels. Because they 
achieved a stable and consistently open keyhole when the suction is turned on, the zinc vapor was 
vented out through the open keyhole. They explained that except for zinc vapor, the laser-induced 
plasma and plume are the key factors that affect the stability of the laser welding process. When laser-
induced plasma and plume vibrate at large angle, a large amount of liquid metal is discharged from the 
melt pool and spatter is observed. The laser-induced plasma and plume are guided by the vacuum system 
and move along the suction direction, which also helps to stabilize the melt pool. Chen et al. 
experimented with laser welding of zinc-coated steel with a suction method [38]. Their result showed 
that the suction device facilitates the escape of the highly-pressurized zinc vapor from the keyhole and 
a stable melt pool. Therefore, defect-free welded joints can be obtained. They also used a high-speed 
camera to observe the plasma. The high- speed images showed that the plasma was very stable when 
vacuum suction was used, and the size and quantity of spatter were reduced. 
1.3.3. Laser welding at subatmospheric pressures 
Laser welding at subatmospheric pressures possesses unique benefits, such as substantially 
improved penetration depth and no shield gas requirement. Unlike electron beam welding, ultra-high 
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vacuum conditions are not required either. In recent years, therefore, a great deal of effort has been 
made by researchers in investigating the effect of decreased pressures on laser welding processes and 
weld quality.  
Verwaerde et al. conducted an experimental study of CO2 laser welding at subatmospheric 
pressures [39]. They observed plasma suppression at low pressures by measuring the size of plasma, 
electron density, and electron temperature. Their result showed that under reduced pressures, deeper 
and thinner welded zones were obtained because the perturbing effects (the lensing effect and 
absorption by inverse bremsstrahlung) of plasma were suppressed, leading to a constantly deposited 
energy per unit length inside the keyhole. Katayama et al. studied the effect of vacuum on weld 
penetration and porosity formation in high-power continuous CO2 and YAG laser welding of aluminum 
alloys [40]. They observed that evaporation in vacuum was strong, so that the vapors swelled the middle 
and bottom rear wall of the keyhole, which led to prevention of pore generation. Recently, Katayama 
et al. obtained sound welds with up to 70 mm penetration depth for Type 304 stainless steel at a pressure 
of 0.1 kPa using a 26 kW disk laser [41]. Luo et al. developed a localized vacuum chamber that could 
be attached to the specimen surface [42]. Using this device, they achieved a subatmospheric pressure 
only around the welding area with side suction by a vacuum pump. Sound weld beads with deep 
penetration and without cracks were obtained, but the weld penetration was found to be slightly 
shallower due to air leakage of the moving chamber. Chen et al. investigated the influence of the plasma 
plume on the penetration depth under different subatmospheric pressures by using a high-speed camera 
[43]. Their results showed that the plasma plume was drastically diminished with a decrease in ambient 
pressure. Pang et al. proposed a new surface pressure model to explain penetration depth variation 
during laser welding under variable ambient pressures by calculating the temperature on the surface of 
the keyhole wall [44]. Their simulation result showed that the reduced keyhole surface average 
temperature under a low-pressure condition makes the penetration depth deeper and weld seam width 
narrower. Luo et al. presented a dynamic coupling mechanism between the melt flow and the metallic 
vapor ejection during laser welding under subatmospheric pressures [45]. Their result showed that weld 
soundness was obtained by stable ejection of metallic vapor under subatmospheric pressures. 
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II. SCALING LAW FOR PENETRATION DEPTH IN CONDUCTION 
AND KEYHOLE MODE LASER WELDING 
2.1. Introduction 
Prediction of penetration depth is arguably one of the most important tasks in the study of laser 
welding because it is the first thing that needs to be determined for most welding applications. Therefore, 
the purpose of this chapter is to identify processing parameters for full penetrated conditions to 
reconstructed 3-D keyhole geometry during lap joint laser welding of automotive steel sheets with an 
understanding of physical phenomenon such as multiple reflection effects in keyhole mode welding. 
Unfortunately, however, laser welding is a very complex process (where melt flow, evaporating vapor 
flow, heat transfer, phase change, and laser beam interaction with plasmas, and multiple reflections of 
laser beam occur simultaneously), so this task in most cases is very challenging. Although there are 
many sophisticated simulation models, these models are generally too costly to be used for this purpose 
and simple predictive models are much preferred.  
Benyounis et al. obtained linear and quadratic equations for predicting heat input and weld-bead 
geometry by studying the effect of laser power, welding speed and focal position using the response 
surface methodology [46]. Hann et al. presented a simple physical model to predict melt depth and 
width by using the concept of mean surface enthalpy [47]. Assuncao et al. studied the transition from 
conduction to keyhole mode welding by investigating the change in penetration depth as power density 
or interaction time varies [48]. They found that a single threshold power density does not exist and the 
transition occurs over a wide range of laser power densities. Recently, Suder and Williams proposed a 
simple empirical model for predicting penetration depth [49].  
Although these models are useful, none of these models accounted for the complex energy 
absorption phenomena caused by a keyhole. Kaplan reported that a wavy keyhole surface would rapidly 
change the direct beam absorption from angle-dependent Fresnel absorption to its angle-averaged value 
[50]. Volpp and Vollertsen reported by using their analytical multiple reflections model that different 
spatial laser intensity distributions lead to similar keyhole shapes due to similar energy distributions on 
the keyhole walls after multiple reflections but to different radial pressure gradients [51]. As well known, 
multiple reflections phenomenon greatly affects laser beam absorption and contributes to deeper 
keyhole penetration. 
In this chapter, a simple scaling law for penetration depth in laser welding is proposed, where 
penetration depth is expressed as a function of a single parameter. The proposed scaling law was 
formulated based on a simple one-dimensional heat conduction model, and the effect of multiple 
reflections was accounted for. Because the scaling law was obtained from a laser heating problem, its 
physical meaning and why it needs to be formulated that way can be clearly explained. Systematic and 
extensive welding experiments were conducted using a 2 kW multi-mode fiber laser with a top-heat 
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beam profile. Two types of steels and four different laser beam diameters were tested, and the obtained 
results were found to be in good agreement with the proposed scaling law. 
2.2. Proposal of scaling law 
Laser welding is a three-dimensional moving heat source problem by nature. To simplify the 
process, the process will be modeled as a simple one-dimensional heat conduction problem, where the 
specimen is assumed to be semi-infinite and be heated by a constant heat flux energy source with a 
power density (or laser intensity) of 0I  for a time duration equal to the interaction time ( it ). If the laser 
beam has a top-hat profile with a beam diameter of ,D and if the laser beam moves at a scanning speed 
of sV , the interaction time is / sD V . Neglecting the energy loss at the substrate surface due to 
convection and radiation, an analytical solution that is valid during the heating period (i.e., 0 it t£ £ ) 
can be obtained as follows [52]: 
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Here, T, t , and z are temperature, time, and the spatial coordinate in the target’s thickness direction, 
respectively, a  and k  are thermal diffusivity and thermal conductivity of the target material, 
respectively, 0T  is initial temperature, 0I  is laser intensity, and h  is laser beam absorptivity. Note that 
this model is k  especially reasonable for conduction mode welding where the melt pool surface 
remains pretty much flat. Therefore, conduction mode welding is assumed first and the obtained result 
will be extended later to keyhole welding. 
With this temperature profile, the surface temperature history can be evaluated as: 
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Then, the increase in surface temperature at the end of the laser heating is calculated as   
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Neglecting material properties and constants, the following relation can be obtained: 
 1/20~s iT I thD   (4) 
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Note that laser intensity and interaction time are the two primary parameters for any laser material 
processing, and the amount of temperature increase seems to be closely associated with h  and 0 iI t . 
Although the specimen is assumed semi-infinite, this result is valid for most welding problems because 
the heat penetration depth during the interaction time is small compared to the specimen thickness. 
In laser welding, the amount of surface temperature rise determines the type of physical 
phenomena, such as melting and vaporization. Also, the penetration depth strongly depends on this 
quantity. In a one-dimensional heat conduction problem, once the temperature profile at the end of the 
heating period is known, it is as though the penetration depth is also determined. Therefore, we propose 
the following functional relationship for penetration depth:  
 ( )1/20ˆ if I td h=   (5) 
In obtaining Eq. (5), one important fact has been ignored regarding the one-dimensional heat flow 
model: Even when the surface temperatures are the same, the melt penetration depth is shorter if the 
beam size is smaller, because in this case a lot of heat flows laterally rather than in the specimen 
thickness direction. Note that the maximum melt penetration depth is achieved when one-dimensional 
heat flow can be assumed (i.e., the beam is very large compared to the problem size), but if the beam is 
very small, the laser beam is considered a point heat source and heat flows in all directions uniformly 
and the melt penetration depth decreases. Therefore, assuming the penetration depth is proportional to 
the beam diameter, Eq. (5) is modified as 
 ( )* 1/20 if I tD
dd hº = %   (6) 
where *d  is the normalized penetration depth. 
So far, only the conduction mode welding has been considered. As the surface temperature 
increases beyond the material’s boiling temperature, a keyhole starts to form and the laser beam 
undergoes multiple reflections inside the keyhole. Ki et al. studied how multiple reflections phenomena 
change the laser beam absorption characteristic using their self-consistent welding model [53]. They 
found that as the keyhole deepens the effective laser absorptivity (ELA) increases and the normalized 
maximum intensity (NMI) (which is the maximum intensity on the keyhole surface that is normalized 
by the laser beam’s original centerline intensity 0I ) also increases. Based on their findings, it can be 
assumed that the laser intensity (based on the increased NMI) and the laser absorptivity (based on the 
increased ELA) both increase as the keyhole deepens. Since 0I  is used as the original laser beam 
intensity, the following substitution is proposed to account for the effect of multiple reflections:  
 10 0I I gh +®   (7) 
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Here, the net effect of multiple reflections (due to both increased absorptivity and increased 
intensity) is modeled as 0I g , where g denotes the strength of multiple reflections and is believed to 
increase from 0 as the penetration depth increases ( 0g ³ ). This relation is useful because the effective 
laser absorptivity h  is difficult to estimate when a keyhole is formed, so it needs to be expressed in 
terms of other easily calculable process parameters. From Eqs. (6) and (7), the following scaling law 
for penetration depth is obtained: 
 ( )1* 1/20 if I tgd += %   (8) 
Where 0g =  for conduction mode welding and 0g >  when a keyhole is formed. Here, Eq. (8) 
can be modified as follows: 
 ( ) ( ) ( )11/(2( 1)) 1/(2( 1))1* 1/2 0 00 i i if I t f I t f I tgg ggd ++ ++ é ù= = =ë û% %   (9) 
where 
 1( ) ( )f x f xg += %   (10) 
By defining q  as  
 1
2( 1)
q
g
º
+
  (11) 
Eq. (9) is re-written as 
 ( )* 0 if I tqd =   (12) 
In this study, 1/20 iI t  will be used as the primary parameter for predicting penetration depth. Note 
that, unlike g , q  decreases from 0.5 as the effect of multiple reflections becomes stronger.  
2.3. Experimental test and discussion 
To test the proposed scaling law, laser welding experiments were systematically conducted using 
a 2 kW multi-mode fiber laser (IPG YLS 2000) with a wavelength of 1070 nm and a top-hat focused 
beam profile. The beam was focused on the top surface of specimens, and the optical setups used are 
summarized in Table 1. As the first test, bead-on-plate welding was conducted on 4 mm thick PO steel 
plates, and a focused beam diameter of 200 μm was used to achieve deep penetration. The chemical 
composition of PO steel is summarized in Table 2. In this study, a systematic experiment was designed, 
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where laser intensity from 27 W  ( 0I =8.6×104 W/cm2) to 1830 W ( 0I =5.8×106 W/cm2) and beam 
scanning speed from 10.8 mm/s ( it =18.5 ms) to 340 mm/s ( it =0.588 ms) were respectively divided 
into 12 and 10 equally spaced points on a logarithmic scale, so a total of 120 experiments were carried 
out. These 120 experiments encompass almost the full welding capacity of the laser. To avoid the shield 
gas effect, no shield gas was employed 
Table 1. Optical setups used for experiments 
Fiber 
diameter 
(μm) 
Focal length 
(mm) 
Collimation 
length (mm) 
Focused beam 
diameter (μm) 
200 160 160 200 
200 300 160 375 
200 500 160 625 
600 300 160 1125 
 
Table 2. Chemical composition (%) of PO steel 
C Si Mn P S Fe 
0.0304 0.004 0.225 0.007 0.004 Balance 
 
13 
 
 
Figure 1. Optical micrographs of the cross-sections of 4 mm thick PO steel plates. Images are 
arranged using laser power as the vertical axis and the scanning speed as the horizontal axis. 
Figure 1 presents the optical micrographs of cross-sections of welded specimens arranged using 
laser power and scanning speed as vertical and horizontal axes respectively. Because melting was not 
observed for the lowest two powers, these two cases are omitted and only 100 images are presented in 
Figure 1. In this figure, along with the diagonal lines (when drawn from top left to bottom right) energy 
density values are designed to be the same, and the melt penetration depth is shown to increase as the 
energy density increases.  
In order to investigate the effect of multiple reflections, the normalized penetration depth *d is now 
presented as contour lines on an 0 iI t-  diagram in Figure 3. In this figure, all 120 individual 
experiments are expressed as colored circles, where white, yellow, red and green colors respectively 
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represent no melting, conduction mode welding, keyhole mode welding and full penetration. The 
arrangement of the data points are the same as the arrangement of the images in Figure 1, and the type 
of welding was visually investigated by using the high-speed photography [54] during the experiment. 
In Figure 3, black solid lines are the contour lines representing the same normalized penetration depths. 
As shown, all the contour lines behave similarly, decreasing almost linearly from low to high interaction 
times. However, the absolute value of the slope seems to decrease as the laser energy density increases. 
One thing to note here is that q  values smaller than 0.5 are observed when the keyhole is shallow. As 
defined in Eq. (11), g  becomes negative when q > 0.5. For example, when *d  is 0.1, q  is 0.56, and 
g  is −0.11. This negative g  value for a shallow keyhole will be discussed later. 
To investigate how the contour line slope changes on the diagram, in this study each contour line 
is fitted by a linear line (shown as dashed lines) that has roughly the same average slope as the contour 
line. Once a fitting line is obtained for each contour line, the equation for the line can be calculated. 
Because a log-log plot is used for Figure 3, the following is the equation for the line: 
 0log( ) log( ) ,iI t bq= - +   (13) 
where q  is the absolute value of the slope and b  is the 0I -intercept. Rearranging,  
 0 10 ,biI t constq = =   (14) 
which is an approximated equation from which the given normalized penetration depth can be 
obtained. As suggested in Section 2.1., Eq. (12) shows that the normalized penetration depth can be 
expressed primarily by one parameter that is a combination of laser intensity and interaction time, but 
the parameter includes a variable (q ) that is a function of normalized penetration depth.  
On the right side of Figure 3, q  values for the given set of contour lines are presented, which are 
plotted versus *d  in Figure 4. As shown, q  increases slightly from 0.56 to 0.6 and then decreases all 
the way to 0.21. Note that, compared with Figure 3, the first three points (q from 0.56 to 0.6) correspond 
to the conduction mode welding, the fourth point the transition region (q = 0.6), and the rest belongs to 
the keyhole mode welding (q from 0.58 to 0.21). It was predicted in the previous section thatq =0.5 
when a keyhole is not formed, and the experimental result showed a slightly higher value and it is 
believed that the mismatch is due to both experimental errors and the limitations of the one-dimensional 
heat flow model. Figure 4 also presentsg values as a function of *d . Recall thatg is an indicator of how 
strong the effect of multiple reflections on penetration depth is. As shown in the figure, multiple 
reflections become more dominant as the penetration depth increases, and it increases up to 1.38 when
*d  is 14, meaning that the influence of multiple reflections can be represented by 1.380I .Note also that 
g  is negative when *d  is small as discussed earlier. 
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Figure 2. Normalized penetration depth *d  vs. 1/20 iI t  obtained for 4 mm thick PO steel plates 
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Figure 3.Contour lines of normalized penetration depth *d (solid lines) and their linear 
approximations (dashed lines) for 4 mm thick PO steel plates  
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Figure 4. q  and g  vs. normalized penetration depth *d  obtained from Figure 3 
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In this study, q  values in Figure 4 were fitted by using the following function, 
 ( )1.2* * * 0.5( ) 0.1940 4.280 0.5972 exp -2.328( 0.5972) ,q d d d= + + +é ùë û   (15) 
which is shown as a blue dashed line. Using this, *d  is plotted versus 0 iI t q  in Figure 5. Compared 
with Figure 2, this figure shows a much improved correlation. Unlike Figure 2, the obtained result is 
very accurate even in the keyhole mode region. 
In order to investigate the effect of the beam diameter, a similar experiment was conducted using 
four different beam diameters as summarized in Table 3. In this case, instead of using a thick plate, 1 
mm thick DP 590 dual phase steel sheets were stacked. The chemical composition of the steel is 
provided in Table4. For each beam diameter, a total of 25 experiments were conducted using five laser 
powers and five scanning speeds. Depending on the laser beam power, up to four sheets were stacked 
to obtain as deep penetration as possible. In this study, no shield gas was employed in order to avoid 
the shield gas effect. 
Just like the PO steel experiment, the penetration depth was measured for each experiment, and 
the normalized penetration depth *d  is presented as contour lines on an 0 iI t-  diagram in Figure 6. 
In this figure, welding types are expressed as colored circles following the same color convention used 
so far, and it can be seen that a total of 100 experiments were conducted over a large process parameter 
space within the capacity of the 2 kW fiber laser system. Each contour line was approximated by a 
linear line and its slope q  was calculated using Eq. (13).  
Table 3. Experimental parameters for the laser welding of stacked 1 mm thick DP 590 steel sheets 
Beam diameter 
(μm) 
Laser power 
(W) 
Scanning speed 
(mm/s) 
Steel type Thickness 
200 
76, 169, 374, 827, 
1830 
14.2, 31.4, 69.4, 
153.6, 340.0 
DP 590 
1 mm × 4 
375 1 mm × 3 
625 1 mm × 2 
1125 1 mm × 2 
 
Table 4. Chemical composition (%) of DP 590 steel 
C Si Mn P S Fe 
0.078 0.0345 1.796 0.0128 0.0014 Balance 
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Figure 5. Normalized penetration depth *d  vs. 0 iI t q  obtained for 4 mm thick PO steel plates 
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Figure 6. Contour lines of normalized penetration depth *d (solid lines) and their linear 
approximations (dashed lines) for stacked DP 590 steel sheets 
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Figure 7. q  vs. normalized penetration depth *d  for stacked DP 590 steel sheets obtained from 
Figure 6 
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Figure 7 presents q  versus *d  for the four different laser beam diameters. As shown in the figure, 
it can be noticed that the attainable penetration depth decreases as the beam diameter increases. For the 
smallest two beam diameter results, q  increases slightly and then decreases monotonically as *d  
increases. For 625 and 1125 μm diameters, the laser power was not high enough to obtain deep 
penetration, but q  shows an increasing pattern when *d ≤1. For all four cases, it can be noticed that 
q  increases and reaches the maximum value at *d ≈1 and then decreases beyond that point. In Figure 
7, the blue dashed line shows a fitting curve, which has the following form: 
 ( )1.5* * * 0.4( ) 0.3847 12.198 0.1473 exp -3.662( 0.1473)q d d d= + + +é ùë û   (16) 
Note that the overall pattern of q ( *d ) is qualitatively similar to the PO steel result, and Eq. (16) 
has a similar functional form to Eq. (15). Considering that stacked steel sheets were laser-welded instead 
of a thick steel plate, the obtained result seems reasonable. In this case, it is clearly observed thatq ( *d ) 
peaks at near *d ≈1, especially when the beam diameter is large. In fact, a small peak was also observed 
near *d ≈1 for the PO steel result as shown in Figure 4. ( *d =1 is shown as a vertical dashed line in 
Figure 4 and Figure 7.) We believe that this is ascribed to the decreased average laser intensity when 
the keyhole is shallow. Note that *d ≈1 mean that the beam diameter and the penetration depth are 
roughly the same. Because the beam diameter can be assumed to be the same as the keyhole diameter, 
especially when the keyhole is shallow, it can be said that the maximum q  occurs when the keyhole 
depth is roughly the same as the keyhole diameter. If the keyhole depth is smaller than a certain 
threshold value, multiple reflections phenomenon does not take effect, and only the surface area is 
increased, leading to a decreased average intensity. It is believed that this explains why g  decreases 
and become negative when *d  is small compared to the beam diameter ( *d ≈1). Figure 8 and Figure 9 
present *d  versus 1/20 iI t  and 0 iI t q , respectively, where q  is evaluated using Eq. (16). The size of a 
circle denotes the beam diameter. As clearly demonstrated, considering multiple reflections by 
modifying q  improves the correlation, especially for the keyhole mode welding region, and the 
proposed scaling law is found to be valid regardless of the beam diameter. 
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Figure 8. Normalized penetration depth *d  vs. 1/20 iI t  obtained for stacked DP 590 steel sheets 
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Figure 9. Normalized penetration depth *d  vs. 0 iI t q  obtained for stacked DP 590 steel sheets 
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2.4. Conclusions 
Through this chapter, proposed scaling law for penetration depth able to define process parameters 
for the full penetration depth condition to be used for the next chapter. Therefore, it can help to 
reconstruct 3-D keyhole geometry by joining the top and bottom keyhole apertures.  
 
The major findings are summarized as follows: 
- It has been revealed that 1/20 iI t  is an important parameter in laser processing and is closely 
related to the surface temperature.  
- The parameter 1/20 iI t  can be effectively used for predicting penetration depth in the conduction 
mode welding regime but becomes inaccurate as the penetration depth increases and the 
influence of multiple reflections become stronger.  
- For both conduction mode and keyhole mode welding, the normalized penetration depth *d  
can be expressed as a function of a single parameter 1/20 iI t , i.e., ( )* 0 if I tqd = , where q  is a 
parameter that takes into account multiple reflections. 
- Theoretically, the exponent q  is 0.5 for conduction mode welding, but the experimentally 
obtained value was slightly higher. 
- The parameter g  denotes the strength of multiple reflections, and increases as the keyhole 
deepen. For shallow keyholes, g  could assume negative values. 
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III. COAXIAL KEYHOLE OBSERVATION METHOD 
3.1. Introduction 
In laser keyhole welding, the keyhole is the place where the interaction between a laser beam and 
a substrate takes place, and due to unstable and erratic keyhole motions the interaction is also highly 
unstable even for a stable welding process [53, 54]. Therefore, the prediction of the keyhole geometry 
is critical in the understanding of a laser keyhole welding process. 
Many researchers have investigated keyholes during laser welding by using various observation 
methods. The keyhole behavior during the deep penetration laser welding of steel was observed by 
using the high speed imaging method and the x-ray transmission method [55-57]. Matsunawa et al. 
observed the inside of a keyhole by employing the x-ray transmission method and their study showed 
the porosity formation mechanism and the dynamics of plasma plume and keyhole. Fabbro et al. 
conducted a high speed imaging of the specimen top surface during full penetration laser welding [58]. 
They constructed the keyhole geometry by using the top surface coaxial images and the bottom keyhole 
shape was estimated from the top surface images. Several research groups observed the longitudinal 
keyhole wall by using a special specimen that contains a transparent material which serves as a window 
for imaging [59, 60]. For example, Zhang et al. observed the longitudinal keyhole wall during laser 
welding by using a sandwich specimen that consists of one sheet of stainless steel and a piece of GG17 
glass. Because GG17 glass does not absorb the laser beam and is melted by the molten stainless steel, 
however, the actual keyhole behavior can be affected by the molten GG17 glass. The keyhole behavior 
during laser welding of zinc-coated steels has been also investigated [34, 61]. Pan and Richardson 
observed the keyhole behavior during laser welding of zinc-coated and uncoated steels by using the 
high speed coaxial visualization of specimen top surface. They reported that the uncoated steel produces 
stable keyholes for the whole process parameters, but the keyhole is relatively stable only at low welding 
speeds when the steel is zinc-coated. Fabbro et al. conducted the twin-spot laser welding of zinc-coated 
steels using a CW Nd:YAG laser. During the experiment, they observed the top surface coaxially and 
the bottom surface was observed laterally. Their results showed that the top-hat intensity profile is more 
useful for obtaining good quality weld seams than the Gaussian profile.  
All these previous studies have significantly contributed to the understanding of keyhole geometry. 
However, most of them have focused on the specimen top surface or lateral side imaging of keyholes, 
and the observation of the specimen bottom surface has been relatively ignored. In this chapter, 
specimen top and bottom surfaces were observed both coaxially during laser welding of zinc-coated 
and uncoated steels, and keyholes were reconstructed by connecting the top and bottom keyhole shapes. 
Also the processing parameters used in this chapter was defined as full penetration condition using 
proposed scaling law in previous chapter [62]. As far as the reconstruction of a keyhole is concerned, 
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coaxial observation is believed to be more accurate than other observation methods. To calculate 
statistically meaningful results, the experiments were conducted twice, and for each experiment 70 
frames were analyzed to obtain an averaged keyhole shape. This study investigated the overall 
differences in the keyhole geometry between the zinc-coated and uncoated steels over a large process 
parameter space. 
3.2. Experimental setup 
Experiments were conducted using a 2 kW multi-mode fiber laser (IPG YLS 2000) with a 
wavelength of 1070 nm. The beam was focused at the specimen top surface by a focusing lens with a 
focal length of 160 mm, and the focused beam has a top-hat intensity profile with a beam diameter of 
200 μm. In this study, 1 mm thick DP 590 dual phase steel sheets, both zinc-coated (GA DP 590) and 
uncoated (DP 590), were used in order to investigate the effect of the zinc coating. The chemical 
compositions of both steels are given in Table 5. Specimens were 137 mm × 30 mm in size, and two 
sheets were stacked without introducing a gap in between. The middle 100 mm was welded along the 
centerline.  
Table 5. Chemical compositions (%) of DP 590 and GA DP 590 steels 
Steel Type C Si Mn P S Fe 
DP 590 0.078 0.0345 1.796 0.0128 0.0014 Balance 
GA DP 590 0.09 0.26 1.79 0.03 0.003 Balance 
 
Table 6. Experimental parameters 
Steel type 
Beam Diameter 
(μm) 
Laser power 
(W) 
Scanning speed 
(mm/s) 
DP590, 
GA DP590 
200 
1230, 1403, 
1603, 1830 
12.5, 14.3, 16.3, 
18.6, 21.2 
 
For each steel, a total of 20 experiments were conducted using four laser powers and five scanning 
speeds, which are summarized in Table 6. As mentioned before, note that these parameters were 
selected such that full penetration was obtained by using a scaling law for DP590 steel sheets [62]. 
Argon was used as a shielding gas, and both top and bottom surfaces were respectively shielded with a 
flow rate of 25 l/min. 
In order to observe the welding process, a coaxial observation apparatus was designed based on a 
high-speed camera as shown in Figure 10. As shown in the figure, top and bottom surfaces were 
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observed separately because only one high-speed camera was available. A LED light with a wavelength 
of 532 nm was used as a lighting device, and a band pass filter was attached to the camera. In this way, 
only the reflected light can be recorded by the camera. For coaxial observation, a dichroic filter was 
employed to reflect only the 532 nm light to the camera. A frame rate of 5000 frames per second (fps) 
was used for recording.  
 
Figure 10. High speed coaxial imaging experimental setup. Top and bottom surfaces were observed 
separately as shown in the figures. 
3.3. Coaxial imaging of top and bottom surfaces 
Figure 11 presents top surface keyhole observation results for the two steels, obtained with and 
without an external lighting. The top figures are zinc-coated steel (GA DP 590) results; the bottom 
figures are uncoated steel (DP 590) results. Also, images taken with and without the lighting are 
compared on the left and right sides. For all experiments, the same experimental condition (1830 W, 
21.2 mm/s) was used. The purpose of capturing images without an external lighting is to distinguish 
between the self-emitted light and the reflected light. Apparently, when an external lighting is not used, 
the image recorded is due to the light emitted by the material itself. As shown in Figure 11(a) and (c), 
all parts of the process regions including the re-solidified areas are clearly seen when the lighting is on. 
However, when the lighting is off, only the keyhole areas are noticeable and the melt pool cannot be 
identified. For the zinc-coated steel, the bottom of the keyhole is seen as a large black area, around 
which strong light emission is observed. For the uncoated steel, however, a large bright area fills the 
entire keyhole are with the exception of a small black region at the center.  
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Figure 11. Coaxially recorded images of top surfaces with and without using the external LED 
lighting. Top figures: zinc-coated steel, bottom figures: uncoated steel 
It is believed that this small black area is the bottom aperture of the keyhole [58], and the bright 
circular regions are thermal emission from the highly heated liquid metal. Note that a material emits 
thermal radiation corresponding to its temperature and the amount of light emission increases as the 
temperature increases following the Planck law [63], which is stated mathematically as 
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where Bn , l , T , h , c  and Bk  are the spectral radiance, the wavelength of light, the body 
temperature, the Planck constant, the speed of light, and the Boltzmann constant, respectively. If Eq. 
(17) is evaluated at the melting and boiling temperatures of steel (1809 K and 3133 K, respectively [53]) 
with the wavelength of the LED light (532 nm), the radiance at the boiling temperature is found to be 
555 times larger than that at the melting temperature. Therefore, it comes as no surprise that the melt 
pool is not distinguishable without an external lighting (assuming the melt temperature is close to the 
melting temperature) and that the keyhole area (where strong evaporation takes place) looks very bright. 
Judging from this conjecture, it can be said that the keyhole is opened much wider at the bottom of the 
zinc-coated steel than the uncoated steel. Also, it can be conjectured that the brightest region (in the 
images taken without a lighting) is the hottest, meaning that the laser is irradiated there. It looks as if 
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the laser beam is incident on the front keyhole wall for the zinc-coated steel, and for the uncoated steel 
the laser seems incident near the center of the keyhole. This will be discussed in more detail later. 
 
Figure 12. 15 successive images of the top and bottom surfaces taken coaxially without an external 
lighting. 5000 fps was used for imaging. (GA DP590, 1830 W, 21.2 mm/s) 
Figure 11 and Figure 12 present a series of 15 successive images of the top and bottom surfaces 
for zinc-coated and uncoated steels, respectively, showing how a keyhole is opening and closing when 
viewed coaxially from the top and the bottom. All these experiments were conducted with a laser power 
of 1830 W and a scanning speed of 21.2 mm/s, and in order to observe only the self-emitted thermal 
radiation, the LED lighting was not used. For both steels, top keyholes were always open and, as 
mentioned before, the openings and closings of keyhole bottom apertures are more clearly shown in the 
zinc-coated steel. 
The opening and closing of a keyhole bottom aperture can be more clearly seen from the bottom 
surfaces images. When the bottom aperture is closed the keyhole looks like a bright white circular spot 
as it emits strong thermal radiation. On the other hand, when a keyhole is open at the bottom it looks 
like a black spot. For the zinc-coated steel, right after the keyhole is closed, the closed region is 
becoming brighter (See Figure 12). It is believed that this brightening is an indication of intensive 
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heating by the laser beam: as the temperature of the liquid metal rises more thermal radiation is emitted. 
When the brightening reaches the maximum, the bottom keyhole starts to open again. The same pattern 
is observed for the uncoated steel (See Figure 13), but in this case the bottom aperture is mostly closed, 
and when it opens it is much smaller. 
From the bottom surface images, ejected spatters are clearly observed. Note that spatters are mostly 
ejected from inside the keyhole, so they are close to the boiling temperature when ejected, which makes 
them bright without an external lighting. Also, the spatters from the zinc-coated steel specimen appear 
much larger than those from the uncoated steel specimen due to the high keyhole volatility caused by 
zinc evaporation. 
 
 
Figure 13. 15 successive images of the top and bottom surfaces taken coaxially without an external 
lighting. 5000 fps was used for imaging. (DP590, 1830 W, 21.2 mm/s) 
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3.4. Keyhole measurement 
 
Figure 14. Keyhole diameter and position measurement examples for DP 590 steel (1403 W, 12.5 
mm/s). (a) a top surface keyhole, (b)~(f) bottom surface keyholes.  
Using the image interpretation method discussed in the previous section, top and bottom keyhole 
aperture diameters were measured, respectively from the top and bottom surface images. In this study, 
a keyhole was approximated by a best fitting circle using an image analysis program (Inspector 9 from 
Matrox). Because the program was calibrated using two-dimensional grid lines with a known spacing, 
the diameter and center of the circle was obtained easily. Several measurement examples are shown in 
Figure 14. Figure 14(a) shows a top surface view, and the red circle shows an estimated keyhole aperture. 
Because the keyhole entrance aperture was always open, the measurement was straightforward. Figure 
14(b)~(f) are bottom surface images at different stages of the keyhole opening process. In this study, 
the keyholes in Figure 14(b)~(d) are considered open and those in Figure 14(e),(f) closed.    
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Figure 15. Measured keyhole diameter (mm) versus frame number (1830 W, 12.5 mm/s). (a) DP 590 
steel, (b) GA DP 590 steel 
Figure 15 shows the measured keyhole aperture diameters (in mm) versus the frame number j for 
uncoated and zinc-coated DP590 steels, where the blue circles and the red squares represent top and 
bottom keyhole apertures, respectively. For all cases, as expected, the keyhole fluctuates, and the zinc-
coated steel exhibits more instability in terms of diameter change, apparently due to zinc evaporation. 
Also, the keyhole bottom shows more instability for both steels, and the keyhole closes at the bottom 
more frequently for this uncoated steel, which agrees with previous observations.  
In order to calculate aperture diameters more accurately, therefore, the keyhole diameter 
corresponding to a given experimental condition must be determined from a large enough number of 
frames by taking an average. Figure 16 shows frame analysis results of the top surface keyhole aperture 
diameter for the uncoated (left figures) and the zinc-coated steels (right figures), obtained using two 
experimental conditions. Here, the x-axis is the frame sampling number n and the y-axis shows the 
averaged aperture diameter ( TD ) of the first n frames. So, as the sampling number increases along the 
x-axis, the averaged keyhole diameter becomes stabilized and eventually converges to an average.  
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Figure 16. Averaged top keyhole diameter (in mm) vs. the sampling frame number. Various samples 
scheme shown as different lines. 
Because averaging a large number of successive frames could be inefficient and slow, in this study, 
different sampling schemes were tested, where frames were selected according to 1j, 2j-1, 3j-2, 4j-3, 
5j-4, 7j-6, 9j-8, 11j-9, 13j-12 and 15j-14, where j varies from 1 to n. In Figure 16, the effect of sampling 
schemes on the convergence rate is demonstrated visually. For all cases, regardless of the steel type, the 
convergence seems slower when every successive frame was averaged (1j) up to 100 frames. For the 
uncoated steel, the differences between the sampling schemes are relatively small, and all curves 
converge to a reasonably close limit within 100 samples. In the case of the zinc-coated steel, however, 
the differences are much larger among different sampling schemes, and also the convergence is much 
slower. Also, even if the sampling interval is large (e.g., 15j-14), the convergence rate is not necessarily 
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faster nor is the limit more accurate. As shown in Figure 16(b), sometimes the diameter seems to 
converge to a different limit at large sampling intervals. It is believed that these are ascribed to the 
volatile keyhole motions due to zinc evaporation, and too large a sampling interval may not capture 
keyhole oscillating motions properly. From the above observations, the 3j-2 scheme (shown as thick 
black lines in Figure 16) was used to calculate the keyhole diameter by averaging 70 frames (n=70). 
When this scheme was used, the measurement errors seemed to be within ±5 % in most cases.  
 
Figure 17. Correlation between first and second experimental results for the uncoated (left) and zinc-
coated steels (right). x- and y-axes denote the averaged keyhole diameters measured from the first and 
second experiments, respectively. (diameters in mm)  
In order to validate the keyhole identification and measurement scheme, experiments were 
conducted twice and the measurement was performed separately on each set of images. In fact, because 
only one camera is available, for each steel, the same experiment was repeated four times: two for the 
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top surface imaging and two for the bottom surface imaging. Figure 17 shows how two sets of 
measurement data are correlated. In Figure 17, the x- and y-axes denote the first and second 
experimental results, respectively, and each circle denotes one of the 20 experimental conditions 
described in Table 6. Although the two experiments for the top surface of the zinc-coated steel are 
relatively less correlated (See Figure 17(b)), overall this result shows that the scheme used in this study 
was reasonably accurate and repeatable.  
3.5. Keyhole reconstruction 
Using the calculated top and bottom keyhole diameters, the keyhole geometry was predicted. 
Because the top and bottom surface images were obtained from separate experiments, only an average 
keyhole can be reconstructed using the averaged top and bottom keyhole aperture shapes. In this study, 
in order to set up a common coordinate system for the top and bottom surface measurements, the center 
of the laser beam was used as the common origin for both measurement frames of reference as illustrated 
in Figure 18. Before each experiment, the location of the beam center was marked and used to define 
the origin for the image analysis program.      
 
Figure 18. The common coordinate system for the top and bottom surfaces, constructed with respect 
to the laser beam center 
Figure 19 shows measured top and bottom keyhole aperture shapes for the entire experiments, 
arranged in terms of laser power and scanning speed. In this study, as explained in Table 6, a systematic 
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experiment was designed, where laser intensity from 1230 W (I0=3.9×106 W/cm2) to 1830 W 
(I0=5.8×106 W/cm2) and beam scanning speed from 12.5 mm/s (ti=16 ms) to 21.2 mm/s (ti=9.4 ms) 
were respectively divided into 4 and 5 equally spaced points on a logarithmic scale. (Here, I0 and ti are 
laser intensity and interaction time, respectively [64].)  
In each plot in Figure 19, the laser beam is shown as a black circle (located at the origin), and 
measured top and bottom keyholes are shown as light blue and light red lines, respectively. Also, the 
averaged top and bottom keyholes are denoted as thick blue and red lines, respectively. In order to 
predict keyhole structures in a more reliable way, the results from both the first and the second 
experiments were all used (a total of 140 measurements) in keyhole reconstruction, so there are 140 
blue circles and 140 red circles in one plot. As shown in the figure, the zinc-coated steel shows much 
more unstable keyhole motions, both at the top and at the bottom surfaces. Furthermore, the bottom 
keyhole apertures for the zinc-coated steel appear to be much larger at the same experimental condition. 
In the case of the uncoated steel, the bottom keyhole is mostly closed for low laser powers. All these 
findings can be explained in terms of keyhole instability associated with strong zinc evaporation.  
One important thing to note here is that the average keyhole bottom apertures for the uncoated 
steel lie mostly within the laser beam while the laser beam is located on the front keyhole wall, at least 
partially, for the zinc-coated steel. In the case of the uncoated steel, the average keyhole bottom 
apertures are smaller than the laser beam (for the experimental parameters considered in this study) and 
are mostly located near the front side of the laser beam. From these observations, it can be learned that 
the opening of the keyhole at the bottom surface is caused in large part by the pressure generated by the 
evaporation of zinc. Without the help of zinc vapor, the bottom aperture tends to be closed to absorb 
more laser energy, and when it is open due to concentrated laser heating near the keyhole bottom, the 
amount of aperture opening is minimal around the laser beam. On the other hand, when assisted by zinc 
vapor, the keyhole is mostly open wide at the bottom, and to avoid the energy loss through the bottom 
hole, the front keyhole seems to become tilted so that the laser beam is incident on the front keyhole 
wall and absorbs enough energy to sustain a keyhole.  
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Figure 19. Measured top and bottom keyhole apertures assembled together with respect to the laser 
beam at the origin. Blue and red lines respectively denote top and bottom keyholes; thick blue and red 
lines are averaged top and bottom keyholes, and the laser beam is shown as a black circle. (a) DP 590 
steel (b) GA DP 590 steel  
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Figure 20. Reconstructed 3-D keyhole geometry (DP 590 steel) 
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Figure 21. Reconstructed 3-D keyhole geometry (GA DP 590 steel) 
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All these observations can be more clearly confirmed in Figure 20 and Figure 21, where 3-D 
keyholes were constructed from the measurement data in Figure 19. The averaged top and bottom 
keyhole apertures are joined linearly (shown as blue), and the laser beam is shown as a red cylinder. 
Note that the beam divergence from top to bottom surfaces (a distance of 2 mm) is small, and 
representing a laser beam as a cylinder is reasonable. Also, all the aperture measurements were plotted 
as black circles in each figure. As mentioned, the keyhole bottom aperture is located mostly near the 
front side of (and within) the laser beam area for the uncoated steel, and the laser beam is incident on 
the front part of the keyhole wall for the zinc-coated steel. 
Observing the keyhole bottom aperture trajectories in Figure 20 and Figure 21, it can be also 
learned that the keyhole opens slightly forward (in the welding direction) for the uncoated steel, and it 
opens mostly backward (toward the melt pool) for the zinc-coated steel. For the zinc-coated steel, 
because the laser beam is incident on the front keyhole wall, the evaporating flux is believed to be 
headed backward and make the keyhole move backward [58]. 
3.6. Keyhole tilting angle and beam interaction area 
In order to study the keyhole geometry in a more quantitative manner, in this study, front keyhole 
wall tilting angle q  (keyhole tilting angle, hereafter) and beam interaction area k  are calculated using 
the measurement data. The tilting angle is the angle of the front keyhole wall measured with respect to 
a vertical line, and can be calculated using the measurement data as 
 1 ( ) ( )tan ,B B T Tx r x r
t
q - - - -æ ö= ç ÷è ø
  (18) 
where x , r  and t  are the x-coordinate of the keyhole center, the keyhole radius, and the 
specimen thickness (2 mm), respectively, and subscripts B and T denote bottom and top surfaces, 
respectively. The importance of the keyhole tilting angle has been discussed by other researchers 
already [65, 66]. In this study, the beam interaction area k is defined as the portion of the laser beam 
area that is incident on the keyhole wall when viewed from the top. If a keyhole is closed at the bottom, 
k  is 1, and if the laser beam passes through a fully penetrated keyhole without interacting with the 
keyhole wall, k is 0 by definition. 
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Figure 22. Contour plots of front keyhole wall tilting angle q  (top) and beam interaction area k  
(bottom) on intensity ( 0I )-interaction time ( it ) coordinates. Corresponding laser powers and scanning 
speeds are shown together. (left) DP 590 steel and (right) GA DP590 steel 
Figure 22 presents contour plots of q  and k  on laser intensity ( 0I )-interaction time ( it ) 
coordinates, and the corresponding laser power and scanning speed values are shown separately. (Note 
that the plots were obtained using the averaged keyhole geometry.) The keyhole tilting angle for the 
uncoated steel (Figure 22(a)) does not change much (6°~9°) and there is no clear pattern either. For the 
zinc-coated steel (Figure 22(b)), however, variation in angle is much wider (7°~16°) and it varies with 
a pattern: the angle decreases and then increases along the diagonal direction (toward the top-right 
corner). Note that along the direction, energy density increases. On the other hand, the beam interaction 
area k  decreases monotonically along the diagonal direction for the uncoated steel, and this tendency 
is much weaker for the zinc-coated steel. Therefore, it can be concluded that the keyhole tilting angle 
is more important for the zinc-coated steel and the beam interaction area is more relevant to the uncoated 
steel. 
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This observation is in line with the previous discussion on the orientation of the laser beam relative 
to the keyhole bottom aperture for the two steels. For the uncoated steel, the laser energy absorption is 
controlled by the opening and closing of the keyhole bottom aperture (which is driven by the laser beam 
heating) because the keyhole internal pressure is relatively low. Therefore, the keyhole tilting angle is 
less important, and the energy absorption is controlled by the beam interaction area. However, if the 
keyhole internal pressure is high due to zinc evaporation, the keyhole bottom aperture is mostly open 
and the energy absorption must be controlled by the tilting angle of the front keyhole wall because the 
beam is incident there. 
 
Figure 23. Front keyhole wall tilting angle (q ) and beam interaction area ( k ) vs. 1/20 iI t   
Figure 23 presents the keyhole tilting angle and the beam interaction area versus 1/20 iI t . Note that 
1/2
0 iI t  is a parameter that is proportional to the surface temperature during laser heating [62], so the x-
axis can be interpreted as the degree of laser heating. (Note that a higher temperature means a more 
intense laser heating.) As shown in Figure 23(a), although laser heating increases, the keyhole tilting 
angle does not change much for the uncoated steel, but it decreases sharply from 16° to 7° and then 
increases to 11° for the zinc-coated steel. Overall, the tilting angle is larger with a larger variation for 
the zinc-coated steel, indicating that it is an important parameter in this case. As shown in Figure 23(b), 
for both steels, the beam interaction area decreases from 1 as laser heating increases. Overall, the 
decreasing pattern is more clearly shown in the uncoated steel, which implies that the beam interaction 
area is more appropriate in the case of uncoated steels. 
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3.7. Conclusions 
In this chapter, a coaxial keyhole observation method was developed to observe the top and bottom 
keyhole apertures without distortion. Also the 3-D keyhole geometries for experimented processing 
parameters were reconstructed. Therefore, it is possible to know the relative beam shape of the keyhole 
and the laser beam according to the process parameters. 
 
The major findings are summarized as follows: 
- A coaxial high-speed camera imaging method was used to observe the top and bottom surface 
views of a keyhole. Using a physics-based semi-statistical frame analysis, top and bottom 
keyhole aperture diameters were measured. Separately obtained top and bottom keyhole shapes 
were joined together by using a common coordinate system based on the laser beam, and 
average 3-D keyholes were reconstructed. 
- For the uncoated steel, the keyhole bottom aperture lies mostly within the laser beam. Because 
there is no zinc evaporation, the keyhole internal pressure is low and the bottom tends to be 
closed to absorb more laser energy. When opening due to a concentrated laser heating near the 
keyhole bottom, it moves forward and the amount of opening is minimal around the laser beam.  
- For the zinc-coated steel, the laser beam is located on the front keyhole wall. Assisted by the 
strong zinc evaporation, the keyhole is mostly open at the bottom, and to avoid energy loss 
through the bottom hole, the front keyhole wall is tilted and absorbs laser energy to sustain the 
keyhole. When the bottom keyhole aperture expands, it expands backward supposedly due to 
the evaporation flux from the front keyhole wall. 
- The keyhole tilting angle q  for the uncoated steel does not change much (6°~9°), but for the 
zinc-coated steel, variation in angle is much wider (7°~16°).  
- The keyhole tilting angle is more important for the zinc-coated steel and the beam interaction 
area is more relevant to the uncoated steel.  
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IV. EFFECT OF KEYHOLE GEOMETRY AND DYNAMICS ON 
WELDABILITY 
4.1. Introduction 
In this chapter, the effect of the relative configuration of the reconstructed 3-D keyhole geometry 
and laser beam on weldability of zero-gap laser welding of zinc-coated steel sheets were investigated 
by a coaxial keyhole observation method developed previously [67]. Also, the effect of the keyhole 
dynamics on weldability was studied too. As mentioned beginning of the dissertation, in the automotive 
industry, zinc-coated steels are widely used for car body parts due to their high corrosion resistance. 
Although the laser welding is an ideal choice for the automotive production line because of high welding 
speed, non-contact nature, and remote operability, there are still some issues to overcome. 
Pieters and Richardson experimentally showed that the laser welding of zinc-coated steel with zero 
gap in an overlap configuration is possible, but they did not explain the underlying mechanisms [68]. 
Fabbro et al. investigated CW Nd:YAG laser welding of zinc-coated steel sheets and showed that the 
top-hat intensity profile is better than the peaked profile for obtaining good quality weld seams [34]. 
They also pointed out that a clear aperture at the bottom keyhole and a low level of fluctuations for the 
rear wall are necessary conditions for good weld seams. Li et al. presented a novel laser lap welding 
technique for zinc-coated steel sheets, where a small amount of aluminum is inserted into the faying 
surface region [26]. In this way, an Al-Zn alloy with a high boiling temperature is formed and the zinc 
vapor pressure can be decreased. They tested two different forms of aluminum, aluminum foil and cold-
spray coated aluminum, and found that while an inserted aluminum foil required tight clamping for 
good quality welds, cold-spray coated aluminum was not dependent on the clamping and produced good 
quality welds. Chen et al. pre-drilled artificial vent holes on zinc-coated specimens by using a pulsed 
Nd:YAG laser [29]. They found that the vent holes allowed zinc vapor to escape through the weld zone 
and, additionally, much stronger welds were formed through a riveting mechanism. Gu, on the other 
hand, used a laser-dimple technique to vent zinc vapor during laser lap welding of zinc coated steel 
sheets [69]. He made an artificial gap between the two sheets by generating a small hump with a laser. 
Iqbal et al. conducted laser welding of zinc-coated steel sheets in an overlap configuration by using a 
dual beam method [70]. In their method, one beam was used for cutting a slot and making an exit path 
for zinc vapor, and the other beam was used for welding. Ma et al. investigated a two-pass welding 
procedure, where the first pass scans across the top of the overlapped sheets and heats the zinc coating 
at the faying surface to be vaporized, while the second pass performs the welding [71]. Lee et al. studied 
the gap effect and the weldability of two or three overlapped zinc-coated steel sheets by laser remote 
welding [72]. Their results showed that a 0.1~0.2 mm gap on the faying surface is proper for welding 
three zinc-coated steel sheets in a lap joint configuration. Recently, Chen et al. employed a suction 
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device to generate a negative pressure zone on the surface of the keyhole during a zero-gap lap 
configuration welding of zinc-coated steel [38].  
As shown above, the majority of the previous researches have been focused on coming up with a 
proper welding method and an in-depth study of the welding process was rarely carried out. In this 
chapter, based on the a previous work on the study of keyhole geometry using a coaxial observation 
method [67], a systematic study was performed to investigate the effect of keyhole geometry and 
dynamics on weldability in zero-gap laser welding of zinc-coated steel sheets.  
4.2. Experiment and analysis methods 
A 2 kW multi-mode fiber laser (IPG YLS 2000) with a wavelength of 1070 nm was used for 
experiments. The beam was delivered through a 200 μm process fiber, collimated by a 160 mm lens 
and then focused on the specimen surface by a focusing lens with a 160 mm focal length. The beam has 
a top-hat intensity profile with a diameter of 200 μm. In order to study the effect of zinc coating, 1 mm 
thick DP 590 dual phase steel sheets, both zinc-coated (GA DP 590) and uncoated (DP 590), were used. 
The chemical compositions of both steels are given in Table 7. For the zinc-coated steel, the amount of 
zinc coating was 86 g/m2. Specimens were 137 mm × 30 mm in size, and two sheets were stacked 
without introducing a gap in between, and Figure 24 shows how specimens were fixed in the welding 
jig. The middle 100 mm was welded along the centerline. Both top and bottom specimen surfaces were 
shielded by using an argon gas at a flow rate of 25 l/min. In this chapter, a total of 20 experiments were 
designed for each steel using four laser powers (1230, 1403, 1603, 1830 W) and five beam scanning 
speeds (12.5, 14.3, 16.3, 18.6, 21.2 mm/s). These process parameters were selected such that the keyhole 
fully penetrates the specimens for all 20 experimental conditions. Note that this selection of 
experimental parameters covers a large process parameter space within the full capacity of the 
experimental equipment. 
Table 7. Chemical compositions (%) of GA DP 590 and DP 590 
Steel Type C Si Mn P S Fe 
GA DP 590 0.09 0.26 1.79 0.03 0.003 Balance 
DP 590 0.078 0.0345 1.796 0.0128 0.0014 Balance 
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Figure 24. A schematic figure showing how specimens were fixed in the welding jig 
In order to investigate the keyhole behavior, a coaxial high-speed camera imaging method was 
employed Kim et al. [67]. In this method, top and bottom specimen surfaces were observed coaxially 
by using a high-speed camera and the recorded keyhole images were analyzed using a semi-statistical 
frame analysis to calculate time-averaged top and keyhole bottom aperture diameters. Because only one 
camera was available, every experiment was repeated twice and top and bottom surfaces were observed 
separately. In this chapter, a frame rate of 5000 frames per second (fps) was used. From the time-
averaged top and bottom aperture shapes, a time-averaged keyhole shape can be constructed assuming 
that the aperture shape changes linearly along the length of the keyhole. The details on the coaxial 
imaging method can be found in Kim et al. [67]. 
Figure 25 presents the coaxial images of specimen surfaces arranged in terms of laser power 
(vertical axis) and scanning speed (horizontal axis). Figure 25 (a) and (c) are respectively top and bottom 
surfaces of the uncoated steel, and Figure 25 (b) and (d) those of the zinc-coated steel. From the top 
surfaces, bright keyholes with a lot of plumes being dynamically discharged are clearly seen across the 
board while keyholes are shown as small apertures with relatively minor plume emission from the 
bottom surface images. As shown from the bottom surface images, full penetration occurred for all 
experimental conditions. 
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Figure 25. Top and bottom surface images of uncoated (DP 590) and zinc-coated (GA DP 590) steels 
arranged in terms of laser power (vertical axis) and scanning speed (horizontal axis). (Scale bar: 1 
mm) 
 
Figure 26. Measurement of melt pool geometry and keyhole aperture shapes at the specimen top and 
bottom surfaces ((a) and (b)) using the coaxial observation method. Dashed and solid lines represent 
measured melt pool shapes and aperture shapes, respectively. (Laser power: 1603 W, beam scanning 
speed: 12.5 mm/s, DP 590 steel) 
Using the recorded process videos, keyhole aperture diameters and melt pool shapes were 
measured as shown in Figure 26.  
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Figure 26 (a) and (b) are the coaxial images of the top and bottom surfaces, respectively, obtained 
from an uncoated steel welding with a laser power of 1603 W and a scanning speed of 12.5 mm/s. Solid 
and dashed lines represent estimated keyhole aperture and melt pool shapes which were measured by 
using an image analysis program (Matrox Inspector 9). Note that aperture sizes were determined using 
the fact that a bright region denotes thermal emission from the keyhole wall due to intense laser heating 
and a dark circular region in the middle of a keyhole is an open aperture [67].  
Because the program was calibrated before the experiment, actual sizes can be calculated using 
the recorded images with ease after the experiment. For the keyhole aperture measurement, a total of 
140 frames were used to calculate the averaged aperture diameter for each experiment (70 frames from 
one experiment and all experiments were repeated twice: 70×2=140) because the keyhole is highly 
unstable in nature. Here, 70 frames were selected because it was found to be large enough to give a 
statistically meaningful result. On the other hand, the melt pool shape was measured three times at an 
interval of 500 frames since the melt pool geometry is fairly stable.  
 
Figure 27. Time histories of the top and bottom apertures (shown as light blue and light red circles). 
The laser beam is shown as a yellow solid circle, and blue and red dashed lines are time averaged 
aperture shapes. 
Figure 27 presents a measurement example of top and keyhole bottom apertures. In each figure, a 
yellow solid circle is the laser beam, light blue and light red circles represent measured (individual) top 
and bottom aperture shapes, respectively, and blue and red dashed lines the averaged top and bottom 
aperture shapes. The traces of top and bottom aperture centers were also shown as black solid lines, 
which roughly show the stability of the keyhole. 
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In this chapter, in order to quantify the keyhole’s dynamic behavior, the following two concepts 
were defined: (1) keyhole expansion factor a  and (2) keyhole motion range factor b  , both of which 
can be defined for top and keyhole bottom apertures separately. The keyhole expansion factor a  was 
defined as the average deviation of the keyhole aperture diameter D  from the average aperture 
diameter D , normalized by the laser beam diameter LD  : 
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where the subscripts T and B represent top and bottom specimen surfaces, and N  is the total 
number of measurement for each experimental condition (which is 140 in this study). The keyhole 
motion range factor b  was defined as the average distance between the measured (individual) aperture 
center ( , )i ix y  and the average keyhole aperture center ( , )x y , normalized by the laser beam diameter 
DL:  
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Here, closed keyhole apertures are excluded from the calculation. Note that the actual laser beam 
path can be altered by a laser-induced plume. However, at 1070 nm wavelength, laser-plume interaction 
is relatively weak and keyhole dynamics (represented by keyhole expansion factor and keyhole motion 
range factor) is believed to be largely unchanged. 
In this chapter, weld quality was quantified in terms of the specimen mass loss fraction [34]. In 
order to calculate the mass loss fraction, the mass of the specimen was measured before and after the 
experiment, and the mass difference was divided by the estimated fusion zone volume of the whole 
weld seam (10 cm). For the calculation, four welded specimens were used for each welding condition. 
Observing the recorded images of top and bottom surfaces, melt pool volume mpV  was also 
estimated as 
 ( )1
2mp T B
V h A A= +   (21) 
where TA , and BA  are the melt pool surface areas on the top and bottom specimen surfaces.  
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4.3. Results and discussion 
 
Figure 28. Optical microscope images of the top and bottom surfaces of uncoated (DP 590) and zinc-
coated (GA DP 590) steel specimens arranged in terms of laser power and beam scanning speed. For 
zinc-coated steel results, spatters and spatter ranges are shown in yellow. 
Figure 28 presents optical microscope images of top and bottom specimen surfaces of uncoated 
and zinc-coated steel specimens arranged in terms of laser power and beam scanning speed. In the case 
of the uncoated steel ((a) and (b)), almost no signs of spatters are observed and all the beads look good, 
but for the zinc-coated steel ((c) and (d)), as expected, spatter marks are seen clearly, especially on the 
specimen bottom side. Therefore, this figure clearly shows that the majority of spatters are ejected 
through the keyhole bottom aperture. In terms of bead quality, a sound bead was obtained for the zinc-
coated steel only for low welding speeds (12.5 and 14.3 mm/s), which will be discussed in connection 
with keyhole geometry and dynamics later in this chapter. Also, it can be clearly shown that the 
uncoated steel specimens have much wider heat affected zones. It is believed to be caused by higher 
laser absorptance (by a keyhole) for the uncoated steel compared to the zinc-coated steel as reported by 
Deng et al. [73]. 
In order to investigate the weld soundness, specimen cross-sections were observed using an optical 
microscope after the cutting, polishing and etching of all specimens. Note that there are four sets of 
specimens (experiments were conducted four times), and each specimen was cut at three different 
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locations. Therefore, for each experimental condition, a total of 12 cross-sections were investigated. 
Figure 29 shows one set of cross-section images for both uncoated and zinc-coated steels. In each figure, 
measured mass loss fractions are shown in white boxes, and red dashed lines indicate pores. The total 
number of pores from 12 cross-sections is shown in black in each figure, too. As shown, no pore was 
observed from uncoated DP 590 steel specimens, but a substantial amount of pores were observed from 
zinc-coated steel specimens. At the lowest two scanning speeds (12.5 and 14.3 mm/s), however, very 
little or no pores were observed from the zinc-coated steel specimens regardless of laser power. This 
implies that zinc vapor was effectively ejected from the keyhole or did not disturb the melt pool much 
when the beam scanning speed was relatively low. This also explains why the beads shown in Figure 
28 were good at low welding speeds for the zinc-coated steel.   
In order to investigate the weld soundness, specimen cross-sections were observed using an optical 
microscope after the cutting, polishing and etching of all specimens. Note that there are four sets of 
specimens (experiments were conducted four times), and each specimen was cut at three different 
locations. Therefore, for each experimental condition, a total of 12 cross-sections were investigated. 
Figure 29 shows one set of cross-section images for both uncoated and zinc-coated steels. In each figure, 
measured mass loss fractions are shown in yellow, and red dashed lines indicate pores. The total number 
of pores from 12 cross-sections is shown in black in each figure, too. As shown, no pore was observed 
from uncoated DP 590 steel specimens, but a substantial amount of pores were observed from zinc-
coated steel specimens. At the lowest two scanning speeds (12.5 and 14.3 mm/s), however, very little 
or no pores were observed from the zinc-coated steel specimens regardless of laser power. This implies 
that zinc vapor was effectively ejected from the keyhole or did not disturb the melt pool much when the 
beam scanning speed was relatively low. This also explains why the beads shown in Figure 28 were 
good at low welding speeds for the zinc-coated steel.   
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Figure 29. Optical microscope images of specimen cross-sections of (a) uncoated (DP 590) and (b) 
zinc-coated (GA DP 590) steels arranged in terms of laser power and beam scanning speed  
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Figure 30. Mass loss fraction (%) vs. number of pores for zinc-coated steel specimens 
In Figure 30, the mass loss fraction is plotted versus the number of pores for the zinc-coated steel 
specimens. Overall, the mass loss increases as the number of pores increases, which indirectly verifies 
that the number of pores is consistent with the measured mass loss despite a small number of samples. 
Therefore, both the mass loss and the pore number can be used to describe the weld soundness in this 
chapter. By investigating specimen surfaces (Figure 28) and cross-sections (Figure 29), good quality 
welds were identified in colored circles in Figure 30. Here, green, cyan and purple colors represent < 
3.8 %, < 6.6 % and < 8 % mass loss cases, which are classified as grade A, grade B and grade C welds, 
respectively. Note that for these specimens, the number of pores was less than or equal to two, and these 
cases are shown as colored boxes in Figure 29. As shown clearly in Figure 29, except one case, all 
sound welds were obtained with the lowest two welding speeds of 12.5 and 14.3 mm/s. Furthermore, 
from the lowest to highest laser powers used, the welding quality changes sequentially from grade A to 
grade B to grade C. In other words, it seems that good quality welds can be obtained even without a 
proper gap at low-scanning-speed and low-laser-power conditions. Also, among the two parameters, 
apparently a low scanning speed is a more influential factor.  
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Figure 31. Mass loss fraction vs. Δx, which is the distance between the laser beam center and the 
keyhole bottom aperture center along the beam scanning direction.  
In Figure 31, the mass loss fraction is plotted versus Δx, which is the distance between the laser 
beam center and the keyhole bottom aperture center along the beam scanning direction, i.e., 
L Bx x xD = - . Here, xL is the x-coordinate of the laser beam and a negative Δx value implies that the 
laser beam irradiates on the front keyhole wall and a positive value indicates that the laser beam is 
located on the rear keyhole wall. (Note that each keyhole aperture shape was obtained by taking an 
average of 140 measured apertures, so a positive Δx value does not necessarily mean that the laser beam 
is located on the rear keyhole wall surface. Δx must be understood as the time-averaged relative 
configuration.) Overall, the mass loss decreases and weld soundness improves as the laser beam center 
moves toward the rear side of the keyhole regardless of the steel type. Also, the mass loss vs. The Δx 
relationship for the zinc-coated steel shows a slightly different trend (slope) compared to that of the 
uncoated steel. For the uncoated steel, Δx is mostly positive or close to zero, but Δx is mostly negative 
for the zinc-coated steel. In other words, for the uncoated steel, the laser beam is located near the 
keyhole bottom aperture (slightly toward the rear wall), and the laser beam is irradiated on the front 
keyhole wall if a zinc coating exists [67]. This orientation difference is primarily caused by the keyhole 
internal pressure. For the zinc-coated steel, the keyhole internal pressure is larger due to zinc-
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evaporation and the bottom aperture opens wider compared to the uncoated steel, which makes the 
keyhole titled because otherwise the keyhole wall cannot interact with the laser beam. 
One interesting thing is that, as shown by the colred circle data points in Figure 31, when good 
welds were obtained for the zinc-coated steel (especially grade A specimens), the corresponding data 
points are located very close to those of uncoated steel results. In other words, the key to obtaining a 
good weld for the zinc-coated steel is to have a keyhole-laser beam configuration close to that of the 
uncoated steel, i.e., the laser beam should not be located on the front keyhole wall.  
 
Figure 32. Schematic illustrations of the effect of the relative orientation of the keyhole and the laser 
beam. (a) The laser beam is located away from the zinc evaporation zone. (b) The laser beam is 
located on the front keyhole wall, where the zinc evaporation occurs.  
Apparently, the keyhole geometry is strongly affected by the pressure distribution inside the 
keyhole, and the keyhole internal pressure is caused by evaporation of steel and zinc (See Figure 32). 
If the laser beam is located near the keyhole bottom aperture or on the rear keyhole wall, the direct laser 
heating of the zinc evaporation region (which is located between the two sheets on the front keyhole 
wall) will not take place and evaporating zinc vapor will have temperatures close to the melting 
temperature of steel (1809 K) rather than the boiling temperature (3133 K). Note that the saturation 
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pressure of Zn at ~1800 K was reported to be ~50 bar [34], which will be roughly the maximum keyhole 
internal pressure in this case. However, if the laser beam falls on the front keyhole wall, the chances are 
that the zinc evaporation region is directly heated by the laser beam and the zinc vapor will attain 
temperatures close to the boiling temperature of steel (3133 K). It was reported that the critical point 
temperature of zinc is ~2930 K [74], which is close to the boiling temperature of steel, and the 
corresponding critical point pressure of zinc is ~2460 bar. This pressure is ~49 times larger than the 
vapor pressure at 1800 K. With this extremely high pressure, the keyhole will be extremely volatile and 
unstable, and spatter and void formation will be inevitable. This calculation shows why the relative 
configuration of the laser beam and the keyhole (or the location of laser heating inside the keyhole) is 
important and justifies the authors’ experimental results. 
 
Figure 33. Mass loss fraction vs. average keyhole top and bottom aperture diameters 
Figure 33(a) and (b) show the mass loss fraction vs. average top and bottom aperture diameters 
for zinc coated (blue squares) and uncoated (red circles) DP 590 steels. For the zinc-coated steel, good 
weld cases are marked by colored circles. For the uncoated steel, mass loss increases as the average top 
and bottom aperture sizes increase, meaning that a larger aperture diameter leads to more material loss. 
This tendency is very strong for the bottom aperture diameter, such that the mass loss is almost linearly 
proportional to the bottom aperture diameter. This seems to be reasonable because a larger keyhole is 
obtained by a higher laser intensity and, therefore, a higher evaporation rate. (Note that in the case of 
the uncoated steel, the mass loss due to evaporation is the primary mass loss mechanism because spatter 
formation is very little.) Because the laser is incident near the bottom aperture, the laser intensity is the 
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largest there and the bottom aperture diameter is a more direct indicator of the mass loss mechanism for 
the uncoated steel. 
For the zinc-coated steel, however, it seems that the mass loss decreases as the top aperture 
diameter increases and the bottom aperture diameter decreases. In the case of the zinc-coated steel, the 
more dominant mass loss mechanism is by spatter ejection. Therefore, a larger top aperture diameter 
indicates that zinc vapor can escape from the keyhole more easily and spatter ejection is reduced. Note 
that if the zinc vapor is released through the top aperture, the keyhole internal pressure will be lowered 
and the bottom aperture diameter will become smaller. Also, because spatters are heavy, they will be 
mostly ejected through the bottom aperture. As shown in Figure 33(b), the grade A specimens are 
located fairly close to the red data points (uncoated steel results), indicating that when the welding of 
the zinc-coated steel is successful the mass loss mechanism is primarily due to evaporation. 
 
Figure 34. Average keyhole top and bottom aperture diameters vs. 1/20 iI t  for uncoated (red) and zinc-
coated (blue) DP 590 steels. Top and bottom aperture data are shown above and below the middle 
dashed line, respectively. 
Figure 34 presents average keyhole top and bottom aperture diameters versus 1/20 iI t . Note that 
1/2
0 iI t  is a parameter that is proportional to the surface temperature during laser heating [62], so the x-
axis can be interpreted as the degree of laser heating. Top and bottom aperture diameters are shown 
above and below the middle dashed line, respectively. As shown clearly, keyhole top aperture diameters 
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are not much different for the two steel types regardless of the zinc coating. The top aperture diameter 
increases slowly as the laser heating increases, and aperture diameters are only slightly larger for the 
zinc coated steel due to higher internal pressures. However, the keyhole bottom aperture diameter shows 
much larger differences: with the zinc coating, bottom aperture diameters become noticeably larger. In 
other words, the additional recoil pressure exerted by zinc evaporation affects the bottom aperture 
opening much more. 
 
Figure 35. Keyhole expansion factor (α) and keyhole motion range factor (β) vs. 1/20 iI t  plotted for 
zinc-coated and uncoated steels. (left figures: keyhole top aperture, right figures: keyhole bottom 
apertures) 
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Figure 35 shows the keyhole expansion factor (top figures) and the keyhole motion range factor 
(bottom figures) plotted versus I0ti1/2, where the left and right figures are for the top and bottom apertures, 
respectively. Here, red and blue data points respectively represent uncoated and zinc-coated steel results. 
For all cases, as clearly shown, the zinc-coated steel exhibits a higher volatility in terms of both keyhole 
expansion and motion range. Generally, when good welds are obtained for the zinc-coated steel (shown 
as color-circled data points), the keyhole volatility is close to that of the uncoated steel. As for the 
uncoated steel, both the keyhole expansion factor and the motion range factor show clear trends except 
for βB (Figure 35(d)). However, the zinc-coated steel, except for βT (Figure 35(c)), exhibit a very 
scattered behavior, indicating that the keyhole is highly volatile. This implies that the keyhole volatility 
is related to the spatter formation from the melt pool.  
Out of the four factors, the keyhole motion range factor for the top aperture (βT) shows the clearest 
trend lines for both steels: as the degree of laser heating increases, the keyhole top aperture moves more 
for the uncoated steel and less for the zinc-coated steel. Especially for the zinc-coated steel, this is the 
only clearly observable trend, i.e., as the laser heating increases, the location of the top aperture center 
becomes stabilized to the level of the uncoated steel. When the heating level is large enough, the βT 
values for the two steel types become almost the same. 
 
Figure 36. Mass loss fraction vs. melt pool volume (mm3) for uncoated and zinc-coated DP 590 steels 
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Figure 36 shows how the mass loss fraction varies versus the melt pool volume for the two steel 
types. The first thing to note here is that overall the melt pool is much larger for the uncoated steel [73]: 
for the uncoated steel, most of the data points are located on the right side (larger volume side) but, for 
the zinc-coated steel, the majority are located on the left side (smaller volume side). 
For the uncoated steel (red circles), the mass loss increases as the melt pool volume increases. 
Here, a larger melt pool volume means a higher laser energy, a higher surface temperature, and more 
evaporation. Therefore, this increasing trend for mass loss is reasonable. For the zinc-coated steel, on 
the other hand, the mass loss decreases as the melt pool volume increases, which indicates that a 
different mass loss mechanism, spatter ejection, is involved. As shown in the figure, for the zinc-coated 
steel, spatter ejection decreases overall as the specimen receives more energy, and all the good welding 
cases (color-circled data points) appear on the right side of bad welding ones.  
Figure 37 shows the mass loss fraction plotted versus the keyhole expansion factor ((a) and (b)) 
and the motion range factor ((c) and (d)) for uncoated and zinc-coated steels. As shown in the figures, 
the mass loss is much more strongly correlated with the keyhole expansion factor for the bottom 
aperture, αB, than other factors (αT, βT and βB). In Figure 37(b), mass loss is shown to be largely 
proportional to αB for both steels. In other words, the more the keyhole’s bottom aperture expands or 
contracts, the more mass the specimen loses regardless of the mass loss mechanisms. Note that if 
evaporation is the dominant mass loss mechanism, more bottom aperture fluctuations denote higher 
recoil pressures considering the unstable nature of the keyhole [53]. For the spatter ejection mechanism, 
more bottom aperture fluctuations are a sign of spatters being ejected as the spatters are mainly ejected 
through the bottom aperture (Figure 28). From Figure 33(b), it was also observed that mass loss is 
largely proportional to the average bottom aperture diameter ( BD ). Comparing Figure 37(b) and Figure 
33(b), mass loss is more strongly correlated with αB rather than BD  for the zinc-coated steel, but for 
the uncoated steel  shows a stronger correlation.  
Note that, in Figure 37(b), the data points for the uncoated steel (red) and the zinc-coated steel 
(blue) are located on the bottom-left side and the top-right side, respectively, along with a diagonal line. 
Those color-circled points are located in the overlapping region, meaning that the mass loss mechanism 
and the corresponding physical phenomena are by and large the same as those of the uncoated steel. In 
other words, as mentioned previously, the mass loss is primarily due to evaporation and the spatter 
ejection is efficiently suppressed for successful welding of the zinc-coated steel. 
As shown in Figure 37(a), (c), (d), although strong correlations cannot be found between the mass 
loss and other factors (αT, βT and βB), it can be at least said that color-circled data points are located 
either with or near the uncoated steel data (red). For the zinc-coated steel, αT and αB vary between 
0.25~0.7 and 0.3~0.9, respectively, while for grade A specimens they vary between 0.3~0.4 and 
0.35~0.45, showing that the keyhole behaves more stably in terms of keyhole expansion and contraction. 
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Figure 37. Mass loss fraction versus the keyhole expansion factor (top) and the motion range factor 
(bottom) plotted for uncoated (red) and zinc-coated (blue) DP 590 steels. Subscripts T and B represent 
top and bottom apertures, respectively. 
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Figure 38. Contour plots of Ba  for (a) uncoated and (b) zinc-coated DP 590 steels on laser intensity 
( 0I )-interaction time ( it ) coordinates, and the corresponding laser power and scanning speed values 
are shown separately. 
Figure 38 presents the contour plots of αB for the two steels on laser intensity (I0)-interaction time 
(ti) coordinates, and the corresponding laser power and scanning speed values are shown separately. As 
for the uncoated steel, αB largely increases from the bottom left corner to the top right corner in the 
diagonal direction. Since the energy density increases in that direction, it can be said that, for the 
uncoated steel, the keyhole instability in terms of the expansion of the bottom aperture increases steadily 
as the energy density increases. Even at the largest intensity, however, αB is less than 0.4 which is small 
compared to those of the zinc-coated steel, as shown in Figure 38(b). For the zinc-coated steel, αB 
increases in the diagonal direction at low energy densities just like the uncoated steel, but contour lines 
start to be aligned vertically and the αB values decrease from 0.8 to 0.4. As shown, eventually, contour 
lines become nearly vertical (shown in a red box in Figure 38(b)), indicating that αB is affected by 
interaction time (or scanning speed), not by the energy density. Note that the red-boxed region shows 
the smallest αB in the whole domain, where the porosity (and mass loss) is the minimum as shown in 
Figure 29(b). This is strong evidence that αB is strongly connected with the welding stability, which 
occurs at smaller welding speeds for the zinc-coated steel. At low welding speeds, the chances are that 
the effective laser energy becomes relatively larger to sustain the keyhole. In this case, the keyhole does 
not have to get tilted and a desirable keyhole-laser beam configuration is established as explained in 
Figure 32.  
As a final remark, the scanning speed range used in this work was relatively narrow because of 
the limited laser power although the widest range was selected which allowed full penetration within 
the full capacity of the laser. Because the major findings of this chapter are based on the relative 
orientation of the laser beam and the keyhole, not the process parameters, it is believed that they can be 
largely applied to different welding conditions but should be applied with caution. 
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4.4. Conclusions 
Through this chapter, some important findings were revealed that the relative configuration of the 
laser beam and the reconstructed 3-D keyhole geometry was strongly related to the weldability of zero-
gap laser welding of zinc-coated steel sheets, and the bottom keyhole aperture expansion factor plays 
an important role in obtaining good welds.  
 
Other major findings of this chapter are summarized as follows: 
- For the zinc-coated steel, good welds were obtained at low welding speeds. At these low 
speeds, the weld quality improved as the laser power decreased. 
- The relative configuration of the laser beam and the keyhole is an important factor. If the laser 
beam falls on the front keyhole wall, the zinc evaporation region could be heated directly by 
the beam and the zinc vapor pressure will become very large. If the laser beam is located away 
from the front keyhole wall, the recoil pressure due to zinc evaporation is much lower and the 
melt pool could be stabilized.  
- BD and Ba  are largely proportional to the mass loss fraction. BD  shows a stronger 
correlation for the uncoated steel, and Ba  for the zinc-coated steel.  
- As the degree of laser heating increases, Tb  increases for the uncoated steel and decreases 
for the zinc-coated steel. When the heating level is large enough, the Tb  values for the two 
steels become almost same. As the melt pool volume increases, the mass loss fraction increases 
for the uncoated steel and decreases for the zinc-coated steel. 
- In the process region where good welds are obtained, Ba  becomes small and independent of 
the laser power. 
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V. EFFECT OF REDUCED AMBIENT PRESSURES ON KEYHOLE 
BEHAVIOR AND WELDABILITY  
5.1. Introduction 
In this chapter, we tried to identify possibilities improve weldability for zero-gap laser welding of 
zinc-coated steel sheets by changing keyhole geometry. Therefore, laser welding process was conducted 
at subatmospheric pressure because keyhole geometry is changed by lowering the boiling start 
temperature of specimens as decreases ambient pressure. Moreover, changed keyhole geometry effects 
on weld quality were studied. Also, this work was carried out by using previous chapters’ a scaling law 
[62], a coaxial observation method [67] and analysis method [75].  
Although laser welding at reduced ambient pressures has been studied recently, this technology is 
still in its infancy, and its potential and related physical phenomena are yet to be explored thoroughly. 
The main focus of this work was to reconstruct time-averaged 3-D keyhole shapes by employing the 
coaxial observation method [67] and to study the influence of zinc coating on keyhole behavior and 
weldability at reduced ambient pressures. To study the roles of zinc-coating clearly, two 1 mm steel 
sheets were stacked without a gap and the zinc vaporization into the keyhole was maximized. Also, 
both zinc-coated and uncoated DP 590 dual phase steels were studied using the same experimental 
conditions for comparison purposes. 
5.2. Experimental setup 
In this chapter, a 2 kW multi-mode fiber laser (IPG YLS-2000) with a wavelength of 1070 nm was 
used as a heat source. The beam was delivered through a 200 μm process fiber, collimated by a 160 mm 
collimation lens and then focused on the surface of the specimen by a focusing lens with a 160 mm 
focal length. The beam had a top-hat intensity profile with a diameter of 200 μm. In this study, 1 mm 
thick DP 590 dual phase steel sheets, both zinc-coated (GA DP 590) and uncoated (DP 590), were used 
as specimens in order to study the effect of zinc-coating on keyhole behavior at low ambient pressures. 
For the zinc-coated steel, both surfaces were coated and the amount of zinc coating was 84 g/m2 for 
each surface. The chemical compositions of both sheets of steel are summarized in Table 8.  
 
Table 8. Chemical compositions (%) of DP590 and GA DP590 steels 
Steel Type C Si Mn P S Fe 
GA DP 590 0.09 0.26 1.79 0.03 0.003 Balance 
DP 590 0.078 0.0345 1.796 0.0128 0.0014 Balance 
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Figure 39. (a) Overall experimental setup. A small vacuum chamber is connected to a pump and a 
vacuum gauge. In (b) and (c), the method of observing specimen top and bottom surfaces coaxially is 
shown schematically. 
In order to generate subatmospheric pressure conditions, an experimental setup was designed as 
shown in Figure 39. As schematically shown, a small vacuum chamber with two circular laser 
transmission windows (one at the top and the other at the bottom) was connected to a pump. Between 
the vacuum chamber and the pump, a vacuum gauge (InstruTech, CVM201) was installed to measure 
the pressure. An experimental jig for fixing specimens was located in the middle of the vacuum chamber 
as shown in Figure 39(b), (c). To observe keyhole motions, the coaxial high-speed camera imaging 
method [67] was employed as shown in Figure 39(b), (c). In this method, top and bottom specimen 
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surfaces were observed coaxially by using a high-speed camera and the recorded images were analyzed 
to study keyhole behavior. Because only one camera was utilized, top and bottom surfaces were 
observed from separate experiments, and were systematically analyzed using the method introduced in 
previous chapters III [67]. For the imaging, a frame rate of 5000 frames per second (fps) was used. 
The specimen size was 30 mm × 30 mm, and two sheets were stacked without a gap in between. 
Because of the small transmission window size (50 mm diameter), the middle 20 mm was welded along 
the centerline. In this chapter, two welding conditions (1830 W, 12.5 mm/s and 1230 W, 21.5 mm/s) 
and four ambient pressure levels (101.3 kPa, 10 kPa, 1 kPa and 0.1 kPa) were considered. Note that the 
two welding conditions were selected such that full penetration was obtained in both cases while the 
difference in laser energy density is the largest. Also, according to chapter IV [75], for the zinc-coated 
steel, good welds could be obtained at atmospheric pressure using the process condition of 1830 W and 
12.5 mm/s even in a zero-gap configuration. Throughout this chapter, the welding condition of 1830 W 
and 12.5 mm/s will be mentioned as the high energy density condition (93.2 kJ/cm2) and the other as 
the low energy density condition (36.9 kJ/cm2). Experimental parameters are summarized in Table 9.  
Figure 40 shows how the pressure inside the vacuum chamber changed after the chamber was 
closed at the three subatmospheric pressure conditions. As shown, only at the lowest pressure condition 
(Figure 40(a)), the pressure increased slowly at a rate of 0.002 kPa/s. In this study, however, the longest 
welding time was only 1.6 s, so during this short time the pressure change is only 0.0032 kPa, which is 
only 3.2 % of 0.1 kPa. Therefore, the chamber airtightness was considered reasonably good.    
Table 9. Experimental parameters 
 
 
  
Steel type Focused beam diameter (μm) Welding conditions 
Pressures 
(kPa) 
GA DP 590, 
DP 590 200 
(a) 1830 W, 12.5 mm/s  
(high energy density, 93.2 kJ/cm2) 
(b) 1230 W, 21.2 mm/s  
(low energy density, 36.9 kJ/cm2) 
0.1, 1, 10, 101.3 
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Figure 40. Pressure changes after the vacuum chamber were closed at (a) 0.1 kPa, (b) 1 kPa and (c) 10 
kPa. 
5.3. Results and discussion 
Measurement and analysis of dynamic keyhole motions at subatmospheric pressures were one of 
the key aims of this study. To identify keyhole apertures from recorded video frames, the method 
proposed by Kim et al. [67] was adopted. Figure 41 presents examples of observed melt pools with 
identified top and bottom keyhole apertures, obtained with the high energy density condition and the 
ambient pressure of 0.1 kPa. Figure 41(a) and (b) are top and bottom surface images of the uncoated 
steel, and Figure 41 (c) and (d) are top and bottom surface images of the zinc-coated steel. Blue and red 
dashed lines are indentified keyhole top and bottom apertures, respectively, and laser beam locations 
are shown by orange circles in top surface images. 
Here, two things can be noticed. First, the zinc-coated steel has much larger top and bottom 
apertures than the uncoated steel under the same process condition, which implies that the keyhole 
internal pressure is also larger. Seconldly, while the uncoated steel exhibits circular top and bottom 
aperture shapes, elliptical apertures were observed from the zinc-coated steel both at the top and bottom 
surfaces. Note that, because the only difference between the two cases was the zinc coating, these size 
and shape differences of the apertures should be ascribed to the zinc coating. As previously reported by 
Kim et al. [67], however, keyhole apertures of the zinc-coated steel are circular when laser welding is 
conducted at atmospheric pressure. Therefore, the elliptical aperture shapes are a unique characteristic 
of zinc evaporation at subatmospheric pressures. Another important thing to note in Figure 41 is the 
fact that, unlike the uncoated steel, the front keyhole wall is substantially more tilted in the case of the 
zinc-coated steel as is evidenced by the large highly heated region (a big bright spot in Figure 41(c)) 
around the laser beam that is located on the front keyhole wall. These findings will be discussed in more 
detail later in this chapter.    
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Figure 41. Identification and measurement of keyhole aperture shapes at the specimen top and bottom 
surfaces for uncoated and zinc-coated steels (1830 W, 12.5 mm/s). Laser beam locations are shown by 
orange circles in (a) and (c). Keyhole top and bottom apertures are shown by blue and red dashed 
circles respectively. 
 
To analyze the keyhole behavior, keyhole top and bottom apertures were measured using the 
recorded video frames. For the sake of generality, apertures were fitted using ellipses, so their major 
and minor axes (which are called as length and width, respectively, in this study) were measured 
separately. In this study, the video clips corresponding to the middle 5 mm of the weld lines were 
analyzed. Because of the huge number of image frames in a recorded video clip, every 6th frame was 
analyzed (i.e., 1.2 ms interval). Therefore, for welding speeds of (12.5 and 21.2) mm/s, (335 and 198) 
image frames (or 400 ms and 236 ms of welding time) were analyzed for measurement, respectively. 
In Figure 42 and Figure 43, the aperture sizes corresponding to the low energy density condition 
(1230 W and 21.2 mm/s) are plotted versus the 5 mm weld length for zinc-coated and uncoated steels, 
respectively. Similar results were obtained for high energy density condition as shown in Figure 44 and 
Figure 45. In each figure, blue and red colors show the length and width of apertures, and top and 
bottom rows are the aperture sizes measured at the top and bottom surfaces, respectively. Also, from 
left to right, the ambient pressure decreases (from 101.3 to 10 to 1 to 0.1) kPa.  
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Figure 42. Keyhole aperture length (blue) and width (red) versus weld length for zinc-coated steel, 
measured at the top and bottom surfaces. This result is the low energy density condition (1230 W, 21. 
2 mm/s), and from left to right, the pressure decreases (from 101.3 to 10 to 1 to 0.1) kPa. 
 
 
Figure 43. Keyhole aperture length (blue) and width (red) versus weld length for uncoated steel, 
measured at the top and bottom surfaces. This result is the low energy density condition (1230 W, 
21.2 mm/s), and from left to right, the pressure decreases (from 101.3 to 10 to 1 to 0.1) kPa 
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Figure 44. Keyhole aperture length (blue) and width (red) versus weld length for zinc-coated steel, 
measured at the top and bottom surfaces. This result is for the high energy density condition (1830 W, 
12.5 mm/s), and from left to right, the pressure decreases (from 101.3 to 10 to 1 to 0.1) kPa. 
 
 
Figure 45. Keyhole aperture length (blue) and width (red) versus weld length for uncoated steel, 
measured at the top and bottom surfaces. This result is for the high energy density condition (1830 W, 
12.5 mm/s), and from left to right, the pressure decreases (from 101.3 to 10 to 1 to 0.1) kPa 
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As shown, keyhole aperture dimensions vary much more unstable for the zinc coated steel (Figure 
42 and Figure 44) than the uncoated steel (Figure 43 and Figure 45). Also, the bottom keyhole apertures 
at high energy density processing parameters were opened more than at low energy density for both 
zinc-coated and uncoated steel. However, for the zinc-coated steel, the aperture length is much larger 
than the aperture width, but for the uncoated steel, the aperture width and length are comparable in size 
at all three subatmospheric pressures. 
As a result, as discussed with Figure 41, the zinc-coated steel at subatmospheric pressures exhibits 
elliptical keyhole apertures (elongated in the welding direction), both at the top and bottom surfaces. In 
the case of the zinc-coated steel, also, the aperture length fluctuates highly erratically in comparison to 
the width at both top and bottom surfaces. In fact, the aperture width, particularly on the top surface, 
shows relatively stable behavior at all three subatmospheric pressures. It is believed that both the 
elongated keyhole shapes and the instabilities in the aperture length are caused by strong zinc 
evaporation at reduced pressures. 
In the laser welding of zinc-coated steel at atmospheric pressure, zinc evaporation is already strong 
compared with the evaporation of steel due to the much lower boiling temperature of zinc. However, 
this zinc evaporation pressure at atmospheric pressure seems not enough to elongate the keyhole 
aperture. It can be known that the aperture length and aperture width are mostly same in size as shown 
in Figure 42 (a) and Figure 44 (a). Thus, for the zinc-coated steel at atmospheric pressure exhibits 
circular keyhole apertures. When the ambient pressure is substantially lowered, however, the 
evaporation becomes much more intense and affects the keyhole shape in the direction of zinc 
evaporation. Because the keyhole is tilted by a large angle for the zinc-coated steel and evaporation 
predominantly occurs from the highly heated region around the laser spot (See Figure 41(c)), the 
evaporating zinc vapors will be headed toward the keyhole rear wall, and the keyhole will be elongated 
in that direction. This phenomenon also explains why the aperture width remains relatively stable. 
Comparing keyhole bottom aperture motions of both zinc-coated and uncoated steels, it can be 
noticed that the bottom aperture is more consistently open for the zinc-coated steel while it keeps 
opening and closing rapidly for the uncoated steel. This phenomenon will be discussed in more detail 
later. Also, it appears that, in the case of the zinc-coated steel, aperture-length oscillation frequencies at 
the top and bottom surfaces are very high at 10 kPa, but at 1 kPa and 0.1 kPa, the aperture length 
increases rather gradually and then drops sharply, and this pattern is repeated and again.  
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Figure 46. Effective keyhole aperture diameter versus weld length for the zinc-coated steel (top row) 
and the uncoated steel (bottom row), measured at the top (blue lines) and bottom (red lines) surfaces. 
This result is the low energy density condition (1230 W, 21.2 mm/s), and from left to right, the 
pressure decreases (from 101.3 to 10 to 1 to 0.1) kPa. 
 
 
 
Figure 47. Effective keyhole aperture diameter versus weld length for the zinc-coated steel (top row) 
and the uncoated steel (bottom row), measured at the top (blue lines) and bottom (red lines) surfaces. 
This result is for the high energy density condition (1830 W, 12.5 mm/s), and from left to right, the 
pressure decreases (from 101.3 to 10 to 1 to 0.1) kPa. 
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For the sake of more direct comparison of keyhole aperture motions, the effective keyhole aperture 
diameter (aperture diameter, hereafter) was defined in this study as the diameter of a circle that has the 
same area as the given elliptical aperture. Figure 46 and Figure 47 show the calculated aperture 
diameters of zinc-coated (top row) and uncoated (bottom row) steels versus the weld length for the low 
and high energy density conditions respectively. Blue and red colors represent top and bottom aperture 
diameters, respectively. As shown, for both sheets of steel, the top apertures are consistently open while 
the bottom apertures open and close repeatedly and tend to open more as the ambient pressure decreases 
for the low and high energy density conditions. Also, the high energy condition tends to open more the 
bottom keyhole apertures than at low energy density condition. Especially, Figure 46 (a), (b), (e), (f) 
and Figure 47 (a), (b), (e), (f) show that for zinc-coated and uncoated steels the bottom keyhole apertures 
open significantly larger due to large amount of pressure decrease when the pressure decreases from 
101.3 kPa to 10 kPa. Note that the keyhole internal pressure is believed to be higher at a lower ambient 
pressure due to the lowered boiling start temperatures of steel and zinc. With this increased internal 
keyhole pressure, the chances are that the bottom aperture will open more consistently. Also, both top 
and bottom aperture diameters of the zinc-coated steel are much larger than those of the uncoated steel, 
apparently because of the additional zinc evaporation pressure.  
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Figure 48. Reconstructed 3-D keyhole shapes 
To visualize the keyhole shapes, 3-D keyholes were reconstructed for all cases using the aperture 
measurement data and are presented in Figure 48. Top and bottom figures are respectively zinc-coated 
and uncoated steel results, and from left to right, the ambient pressure decreases from the atmospheric 
pressure (101.3 kPa) to 0.1 kPa. Also, both high and low energy density results are presented. Note that, 
because the top and bottom surfaces were observed separately in this study, only time-averaged keyhole 
shapes can be constructed by using time-averaged top and bottom aperture shapes and then joining them 
linearly. Therefore, the presented keyhole shape must be understood as one probable and representative 
keyhole shape at the given process condition, after keyhole motions are averaged. The detailed keyhole 
reconstruction method can be found in Kim et al. [67]. In Figure 48, yellow cylinders are laser beams, 
the blue conical surfaces are estimated keyhole wall shapes, and the black elliptical lines at the top and 
bottom are measured instantaneous aperture shapes. Representing the laser beam as a cylinder is 
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reasonable because the distance from top to bottom surfaces was 2 mm and the beam divergence of the 
fiber laser was small.  
As shown in the figure, there are two notable differences between the zinc-coated and uncoated 
steel results in terms of keyhole geometry. Firstly, keyholes are much more unstable for the zinc coated 
steel, especially at subatmospheric pressures, as evidenced by the extent of aperture motions represented 
by black elliptical lines. Secondly, although the keyholes under the atmospheric pressure have similar 
sizes for both steel types, they are dramatically elongated in the welding direction only of the zinc-
coated steel at reduced pressures. The degree of elongation is the largest when the pressure changes 
from 101.3 kPa to 10 kPa, but beyond 10 kPa, keyhole size changes are relatively small. For the 
uncoated steel, on the other hand, all the keyholes have similar sizes regardless of ambient pressure and 
energy density levels.  
This is a clear evidence of intensified zinc evaporation when the ambient pressure is reduced. 
Although the reduced ambient pressure affects the evaporation characteristic of the steel too, it appears 
that it is not large enough to change the keyhole size much. In the authors’ opinion, this phenomenon 
can be explained by the difference in boiling temperatures of steel and zinc. Steel and zinc have normal 
boiling temperatures of 3133 K and 1180 K, respectively. Under reduced ambient pressures, actual 
boiling start temperatures of both zinc and steel are decreased significantly, but the surface temperature 
of the melt pool may not be changed much assuming that the same amount of laser energy is absorbed 
(which will be revisited later). As well known, the recoil pressure increases exponentially as a function 
of surface temperature, which means that the increase in evaporation pressure due to a drop in the 
ambient pressure is significantly larger for zinc although the same amount of temperature decrease is 
commonly applied to both zinc and steel. This explains why the keyhole is noticeably enlarged only 
when the zinc-coated steel is welded under reduced ambient pressures. 
Another notable thing in Figure 48 is the relative orientation of the laser beam and the keyhole. As 
reported by Kim et al. [75], in the laser welding of zinc-coated steel at atmospheric pressure, the laser 
beam is irradiated on the front keyhole wall because the bottom aperture is mostly open due to the large 
internal pressure of zinc evaporation. When the bottom aperture is consistently open, the front keyhole 
wall becomes tilted so that the laser beam moves to the front keyhole wall from around the bottom 
aperture and absorbs enough energy to sustain the keyhole (Kim et al. [67]). As shown in Figure 48(b), 
surprisingly, similar keyhole behavior was observed from the uncoated steel at reduced ambient 
pressures when the low energy density condition was used. This observation suggests that, the keyhole 
internal pressure becomes higher at reduced ambient pressures, which makes the bottom aperture 
expanded even for the uncoated steel. 
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Figure 49. Average keyhole top and bottom aperture diameters vs. the ambient pressure for zinc-
coated and uncoated steels. (a) low energy density condition, (b) high energy density condition 
To study how the aperture size varies as process conditions are changed, average aperture 
diameters were calculated by taking averages of time-varying effective aperture diameters for all cases 
and presented in Figure 49. Low and high energy density results are shown in Figure 49(a) and (b), 
respectively. In each figure, black and red lines represent zinc-coated and uncoated steel results, and 
solid and dotted lines denote top and bottom apertures, respectively. 
As shown, without exception, the zinc-coated steel always has larger top and bottom apertures 
than the uncoated steel at the given pressure and energy density. Also, as the ambient pressure decreases, 
the bottom aperture diameter of the uncoated steel (red dotted lines) gradually increases, indicating that 
the keyhole internal pressure also slowly increases due to the enhanced evaporation of steel. The bottom 
aperture diameter of the zinc-coated steel (black dotted lines) also increases but increases much more 
rapidly than that of the uncoated steel, apparently because of stronger (and more intensified) zinc 
evaporation. In fact, for the zinc-coated steel, the bottom aperture expands rapidly from 101.3kPa to 10 
kPa (101.3 kPa to 1 kPa for the high energy density) and then decreases slightly as the pressure 
decreases further. In the authors’ opinion, this slight decrease in the aperture size at very low pressures 
may not mean much because the most of the change (~90 %) occurs from 101.3 kPa to 10 kPa in terms 
of the amount of pressure change. However, it could suggest a substantial decrease in the absorbed laser 
energy by the keyhole at near vacuum conditions. This will be discussed further later. Note that, unlike 
the bottom aperture diameter, the top aperture diameter decreases a little bit except the zinc-coated steel 
at the low energy density condition.      
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Figure 50. (a) Keyhole front wall tilting angle θ and (b) Δx versus the ambient pressure for zinc-
coated and uncoated steels. Here, Δx is the distance between the laser beam center and the keyhole 
bottom aperture center along the beam scanning direction. 
In order to study the effect of the ambient pressure on the keyhole geometry, the front keyhole 
wall tilting angle θ (keyhole tilting angle, hereafter) and Δx are calculated using the measurement data 
and are plotted versus the ambient pressure in Figure 50(a), (b). Here, Δx is the distance between the 
laser beam center and the keyhole bottom aperture center along the beam scanning direction. In this 
definition, a negative Δx value means the laser beam shines on the front keyhole wall and a positive 
value on the rear keyhole wall. The keyhole tilting angle is the angle of the front keyhole wall measured 
from a vertical line and can be calculated using the measurement data. 
Figure 50(a) shows that the keyhole tilting angles of the zinc-coated steel (black solid and dotted 
lines) are substantially larger than those of the uncoated steel, and especially at the low energy density 
condition, the tilting angle is more than 14o at all pressures. Simultaneously, as shown in Figure 50(b), 
the laser beam moves 0.5 mm to 0.6 mm toward the front side (black solid and dotted lines) when the 
pressure drops from 101.3 kPa to 10 kPa and does not move much as the pressure decreases further. 
(To be precise, the laser beam location is fixed in space, and the bottom aperture moves in the opposite 
direction.) Considering that the beam diameter is only 200 μm, the changes are dramatic. Note that these 
are a consequence of the large bottom apertures of the zinc-coated steel. The front keyhole wall becomes 
significantly tilted (especially at the low energy density condition) and the bottom aperture moves to 
the rear side in order to absorb as much laser energy as possible and sustain the keyhole. 
Also, it can be noticed in Figure 50(b) that even for the uncoated steel, Δx becomes negative at 
subatmospheric pressures at the low energy density condition (red dotted line). As discussed earlier 
already, this phenomenon is believed to be caused by the increased keyhole internal pressure due to the 
enhanced evaporation of steel. 
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Figure 51. Keyhole bottom aperture opening time (left, a-d) and the corresponding weld bead images 
at the specimen bottom surface (right, e-h) for the zinc-coated steel (1830 W, 12.5 mm/s). 
Figure 51 and Figure 52 present charts showing how the keyhole bottom aperture opens and closes 
with time and the corresponding images of weld beads taken at the specimen bottom surfaces for zinc-
coated and uncoated steels, respectively. In each of the keyhole opening time charts (left figures in 
Figure 51 and Figure 52), keyhole opening and closing events at the bottom surfaces are graphically 
shown, and the percentages of opening time are presented together at the bottom right of each chart. As 
shown in the optical micrographs on the right side, keyhole aperture opening was measured at the 
middle 5 mm of the weld line (the regions inside the red dotted lines). Therefore, bottom aperture 
opening and closing can be viewed in conjunction with the corresponding weld bead shapes.  
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Figure 52. Keyhole bottom aperture opening time (left, a-d) and the corresponding weld bead images 
at the specimen bottom surface (right, e-h) for the uncoated steel (1830 W, 12.5 mm/s). 
As shown in Figure 51 and Figure 52, as the pressure decreases, the aperture opening time 
increases for both zinc-coated and uncoated steels, and at the same ambient pressure, the percentage of 
opening time is mostly larger for the zinc-coated steel. For the zinc-coated steel, the percentage of 
opening time changes from 34.8 % to 68.8 % to 93.6 % to 93.5 % while it increases from 29.9 % to 
55.5 % to 88.7 % to 96.9 % for the uncoated steel, as the pressure decreases from 101.3 kPa to 0.1 kPa 
(See Figure 53). Also, once the bottom aperture opens it opens for a longer period of time at a lower 
pressure, indicating that the frequency of bottom aperture opening and closing becomes lower at a lower 
ambient pressure. It is believed that this is a more definite evidence of the increased keyhole internal 
pressure at reduced ambient pressures for both zinc-coated and uncoated steels.  
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Figure 53. Percentage of keyhole bottom aperture opening time versus the ambient pressure for zinc-
coated and uncoated steels 
Also, as shown from the bottom weld bead images in Figure 51 and Figure 52, the spacing of weld 
chevrons becomes wider as the ambient pressure decreases. At atmospheric pressure, weld chevrons 
are very finely spaced for both zinc-coated and uncoated steels but become more coarsely and 
irregularly spaced as the ambient pressure is lowered, just like their corresponding aperture opening 
patterns. Therefore, it can be learned that the keyhole bottom aperture opening pattern is closely related 
to the weld quality. For the uncoated steel, the bottom bead quality was reasonably good at all pressures, 
but only the atmospheric pressure result was good for the zinc-coated steel. 
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Figure 54. Optical microscope images of specimen top and bottom surfaces for (a) uncoated and (b) 
zinc-coated steels. Top and bottom rows are high and low energy density results, respectively. 
 
Figure 54 presents optical microscope images of the specimen top and bottom surfaces for 
uncoated and zinc-coated steels. For both steels, the bead quality is shown to get worsened as the 
pressure is reduced. Furthermore, the heat influenced regions are clearly observable around weld beads 
at the top and bottom surfaces, and their thicknesses decrease as the pressure decreases. Also, the bead 
width is shown to decrease as the pressure is reduced. In the authors’ opinion, this is another evidence 
of decreased laser energy absorption at reduced pressures because the melt pool size is proportional to 
the heat input [73]. As pointed out earlier, the bottom aperture size and its opening time simultaneously 
increase as the ambient pressure is reduced. This implies that more laser energy is lost through the 
bottom aperture, either directly or after reflections, and the effective laser absorptivity of a keyhole gets 
smaller.  
 
83 
 
 
Figure 55. Optical microscope images of specimen cross-sections for (a) zinc-coated and (b) uncoated 
steels at the two energy density conditions. From left to right, the pressure decreases from 101.3 kPa 
to 0.1 kPa. 
In order to investigate the weld quality, specimen cross-sections were observed using an optical 
microscope after cutting, polishing and chemical etching of all the specimens. Each specimen was 
examined at six locations, and the cross-section images are showing the worst weld quality are presented 
in Figure 55. For the zinc-coated steel, defects such as pores were found due to the influence of zinc 
vapors except at the condition of 1830 W, 12.5 mm/s under the atmospheric pressure. On the other hand, 
no pores were observed on the cross-sections of the uncoated steel specimens at all ambient pressure 
conditions although undercut and humping appeared at subatmospheric pressures. Although the 
evaporation of steel was enhanced substantially at subatmospheric pressures, it seems as though it was 
not enough to generate pores. Note that, as stated before, the fusion zone width is shown to decrease as 
the pressure decreases for both steels.  
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Figure 56. (a) Melt pool volume and (b) mass loss fraction (%) versus the ambient pressure 
Figure 56(a) presents the melt pool volume versus the ambient pressure. Here, the melt pool 
volume mpV  was estimated from the recorded images of top and bottom surfaces as 
 ( )1
2mp T B
V h A A= + ,  (22) 
where TA  , and BA  are the melt pool surface areas on the top and bottom specimen surfaces, and 
h is the specimen thickness (2 mm). As shown in Figure 56(a), overall the melt pool volume decreases 
as the pressure decreases for all steel types and energy density conditions. This justifies the author’s 
conjecture on the decrease in the absorbed laser energy at subatmospheric pressures due to the enlarged 
bottom apertures because the melt pool size is largely proportional to the amount of energy absorption. 
Figure 56(b) presents the mass loss fraction (%) versus the ambient pressure. To calculate the mass loss 
fraction, the mass of the specimen was measured before and after the experiment, and the mass 
difference was divided by the estimated fusion zone volume of the whole weld seam. Note that weld 
quality can be quantified by the specimen mass loss fraction [34]. As shown in the figure, the mass loss 
fraction increases considerably from 101.3 kPa to 10 kPa (except the uncoated steel at the high energy 
density condition), remains largely the same from 10 kPa to 1 kPa, and then decreases from 1 kPa to 
0.1 kPa. At least in terms of the mass loss fraction, in other words, overall, the weld quality gets much 
worse as the pressure decreases from the atmospheric pressure to 10 kPa, does not change much between 
10 kPa and 1 kPa, and improves as the pressure decreases beyond 1 kPa. In this study, vapor plumes 
were also observed using a high-speed optical camera at 1000 fps and welding fumes were collected by 
installing PMMA screens at a location 35 mm above the specimen surface. 
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Figure 57. Weld plume images and the fumes deposited on PMMA screens for the two welding 
conditions. From left to right, the ambient pressures decrease. Zinc-coated steel results. 
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Figure 58. Weld plume images and the fumes deposited on PMMA screens for the two welding 
conditions. From left to right, the ambient pressure decrease. Uncoated steel results.  
  
87 
 
Zinc-coated and uncoated steel results are respectively presented in Figure 57 and Figure 58. First 
of all, there are no big differences between the zinc-coated and uncoated steel results except that more 
fumes were collected by the screens for the zinc-coated steel at the pressures below 1 kPa. This is 
apparently due to additional zinc evaporation. 
 
Figure 59. EDS analysis of the welding fumes deposited on the PMMA screens for (a) uncoated and 
(b) zinc-coated steels. (1830 W, 12.5 mm/s, 0.1 kPa)  
As shown, for both steels, more fumes were deposited on the screens at lower pressures, which 
implies that the evaporation becomes more intense due to the lowered boiling start temperatures of steel 
and zinc. Figure 59 shows energy-dispersive X-ray spectroscope (EDS) analysis results of the deposited 
fumes from uncoated and zinc-coated steel specimens (0.1 kPa, high energy density condition). In the 
case of the uncoated steel, the two primary constituents were Fe (62.3 %) and Mn (25.7 %), and Zn was 
the predominant constituent (56.6 %) for the zinc-coated steel. Although not all evaporating fluxes are 
deposited on the screens, this result at least indirectly hints that zinc evaporation is much more intense 
than that of steel. 
Contrary to the fumes, less and less welding plumes were observed at lower ambient pressures 
[76]. This may indicate that (1) the plumes generated at reduced pressures are also at lower temperatures 
(as previously claimed by Verwaerde et al. [39] ), and the bright plumes observed at 10 kPa are actually 
flames produced from the oxidation of evaporating elments. More in-depth analysis will be left as a 
future research topic.  
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5.4. Conclusions 
In this chapter, the lab-scale vacuum chamber was manufactured, and zero-gap laser welding of 
zinc-coated steel sheets was conducted at atmospheric and subatmospheric pressures. The keyhole 
behavior and reconstructed 3-D keyhole geometry under reduced surrounding pressures were observed 
by previous chapter’s a coaxial observation method [67].  
 
The major findings of this study are summarized as follows: 
- In the case of zinc-coated steel, keyhole top and bottom apertures are considerably elongated in 
the welding direction to form elliptical apertures at subatmospheric pressures, but aperture shapes 
are circular for the uncoated steel at all pressures. This is an evidence of zinc evaporation getting 
much more intensified than that of steel at reduced pressures. 
- At subatmospheric pressures, bottom apertures are expanded for both steels but the degree of 
expansion is much greater for the zinc-coated steel. Simultaneously, the percentage of bottom 
aperture opening time increases for both steels as the pressure decreases, because of increased 
keyhole internal pressures at subatmospheric pressures.  
- For the zinc-coated steel, the laser beam location on the keyhole surface moves substantially 
toward the front side in order to absorb more laser energy and sustain the keyhole, because the 
bottom aperture is open wide. Similar keyhole behavior was observed from the uncoated steel 
when the low laser energy condition was used. 
- As the ambient pressure decreases, the melt pool size also decreases because more energy is lost 
through the enlarged bottom aperture. Also, the weld quality becomes more irregular and poorer 
as the spacing of weld chevrons are wider and more erratic. It is believed that the bottom keyhole 
aperture should open and close appropriately to obtain good quality welds. 
- At lower pressures, more fumes are generated due to enhanced evaporation of steel and zinc, but 
fewer plumes (and flames) are produced. 
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VI. CONCLUSIONS AND FUTURE WORK   
6.1. Conclusions 
At the beginning of this doctoral thesis, a scaling law for normalized penetration depth in laser 
welding process was proposed by simplifying the laser welding process, which is a three-dimensional 
thermal problem, into a one-dimensional model. Therefore the experimental processing parameters in 
this doctoral thesis were determined for full penetration conditions for DP590 steel by a scaling law. 
Moreover, this doctoral thesis has mainly studied the effect of the relative configuration of keyhole 
geometry and laser beam on weldability in zero-gap lap joint laser welding of zinc-coated steel sheets 
at atmospheric and subatmospheric pressures. Therefore a coaxial observation method has been 
developed to observe more precisely the top and bottom keyhole apertures to reconstruct a 3-D keyhole 
geometry. In conclusion, 1/20 iI t  is an important parameter in laser welding process and the scaling law 
for the normalized penetration depth in conduction mode and keyhole mode welding was proposed. 
Also, although the zinc-coated steel sheets were overlapped without a gap between faying surfaces, it 
was found that the good welds were obtained when incident laser beam mostly located near the center 
of bottom keyhole aperture, not the keyhole front wall. However, at subatmospheric pressures, the 
weldability was worse due to the large expansion of the keyhole in experimented processing parameters. 
Therefore, the relative configuration of the keyhole shape and the incident laser beam location is critical 
to obtain good welds in zero-gap laser welding of zinc-coated steel sheets. And the keyhole aperture 
expansion is also important to obtain good weld because it sustains the proper relative configuration of 
laser beam and keyhole shape. The main conclusions of each chapter are summarized once again as 
follows. 
Penetration depth in laser welding 
It has been revealed that 1/20 iI t  is an important parameter in laser processing and is closely related 
to the surface temperature. It can be effectively used for predicting penetration depth in the conduction 
mode welding process but becomes inaccurate as the penetration depth deepens. And then the effect of 
multiple reflections become stronger. For both conduction mode and keyhole mode welding, the 
normalized penetration depth *d  can be expressed as a function of a single parameter, 0 iI tq , i.e.,
( )* 0 if I tqd = , where q  is a parameter that takes into account multiple reflections. Theoretically, the 
exponent q  is 0.5 for conduction mode welding, but the experimentally obtained value was slightly 
higher. The parameter g  denotes the strength of multiple reflections, and increases as the keyhole 
deepen. For shallow keyholes, g  could assume negative values. 
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Coaxial keyhole observation method 
A coaxial high-speed camera imaging method was used to observe the top and bottom surface 
views of a keyhole. Using a physics-based semi-statistical frame analysis, top and bottom keyhole 
aperture diameters were measured. Separately obtained top and bottom keyhole shapes were joined by 
using a common coordinate system based on the laser beam, and average 3-D keyholes were 
reconstructed. For the uncoated steel, the keyhole bottom aperture lies mostly within the laser beam. 
Because there is no zinc evaporation, the keyhole internal pressure is low, and the bottom tends to be 
closed to absorb more laser energy. When opening due to a concentrated laser heating near the keyhole 
bottom, it moves forward, and the amount of opening is minimal around the laser beam. For the zinc-
coated steel, the laser beam is located on the front keyhole wall. Assisted by the strong zinc evaporation, 
the keyhole is mostly open at the bottom, and to avoid energy loss through the bottom hole, the front 
keyhole wall is tilted and absorbs laser energy to sustain the keyhole. When the bottom keyhole aperture 
expands, it expands backward supposedly due to the evaporation flux from the front keyhole wall. The 
keyhole tilting angle is more important for the zinc-coated steel and the beam interaction area is more 
relevant to the uncoated steel. 
Effect of keyhole geometry and dynamics 
For the zinc-coated steel, good welds were obtained at low welding speeds. At these low speeds, 
the weld quality improved as the laser power decreased. The relative configuration of the laser beam 
and the keyhole is an important factor. If the laser beam falls on the front keyhole wall, the zinc 
evaporation region could be heated directly by the beam and the zinc vapor pressure will become very 
large. If the laser beam is located away from the front keyhole wall, the recoil pressure due to zinc 
evaporation is much lower, and the melt pool could be stabilized. In the process region where good 
welds are obtained, bottom keyhole aperture expansion ratio becomes small and independent of the 
laser power. 
Laser welding at subatmospheric pressures 
In the case of zinc-coated steel, keyhole top and bottom apertures are significantly elongated in 
the welding direction to form elliptical apertures at subatmospheric pressures, but aperture shapes are 
circular for the zinc-coated steel at atmospheric pressure and the uncoated steel at all pressures. This is 
an evidence of zinc evaporation getting much more intensified than of steel at reduced pressures. At 
subatmospheric pressures, bottom apertures are expanded for both zinc-coated and uncoated steels but 
the degree of expansion is much greater for the zinc-coated steel. Simultaneously, the percentage of 
bottom aperture opening time increases for both steels as the pressure decreases, because of increased 
keyhole internal pressures at subatmospheric pressures. For the zinc-coated steel, the laser beam 
location on the keyhole surface moves substantially toward the front side in order absorb more laser 
energy and sustain the keyhole, because the bottom aperture is open wide. Similar keyhole behavior 
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was observed from the uncoated steel when the low laser energy density condition was used. As the 
ambient pressure decreases, the melt pool size also decreases because more energy is lost through the 
enlarged bottom aperture. Also, the weld quality becomes more irregular and poorer as the spacing of 
weld chevrons are wider and more erratic. It is believed that the bottom keyhole aperture should open 
and close appropriately to obtain good quality welds. At lower pressures, more fumes are generated due 
to enhanced evaporation of steel and zinc, but fewer plumes (and flames) are produced. 
6.2. Recommendations for future work 
The scaling law for penetration depth in laser welding in this study shows good correlation for 
combining penetration depths in conduction and keyhole mode welding processes. However, this study 
was conducted for two type of steel sheets (PO and DP590) and at atmospheric pressure. It is 
recommended to study various ambient pressures and accumulate data for various materials. This allows 
the selection of process parameters corresponding to the desired penetration depth in many applications 
without complex simulations. 
Despite the zero-gap laser welding of zinc-coated steel sheets, good welds were obtained at certain 
processing parameters. Also, the reasons of good welds were revealed by developed a coaxial 
observation method. However, the difference of galvanized method and the influence of the zinc coating 
thickness have not been studied yet. Also, zero-gap laser welding of zinc-coated steel sheets at 
subatmospheric pressures were conducted using two processing parameters (high and low energy 
density used in this dissertation), so additional study is remained to find processing parameters and 
ambient pressures for obtaining good weld such as desired the relative configuration of laser beam and 
keyhole geometry at subatmospheric pressure.   
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